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Chairmen’s  Welcome 


Honorary  Chairman 


Yakov  S.Shifrin 


Chairman 


Nikolay  N.  Kolchigin 


Dear  colleagues , 


We  are  happy  to  welcome  all  our  participants  in  the  beautiful  Crimea  city  of  great  ancient  history  - 
Sevastopol,  which  hosts  for  five  days  (6-10  September,  2010)  the  fifth  International  Conference 
‘Ultrawideband  and  Ultrashort  Impulse  Signals’  (UWBUSIS’10).  The  venue  of  the  conference  is  one 
of  the  largest  technical  university  of  Ukraine,  Sevastopol  National  Technical  University.  The  main 
organizers  of  the  conference  are  as  usually  Kharkov  IEEE  Joint  Chapter,  Karazin  Kharkiv  National 
University  and  National  Antenna  Association  of  Kharkov  University  is  the  well  known  academic 
centre  of  East  Ukraine  founded  as  early  as  in  1804. 

Our  conference  is  intended  to  provide  the  international  forum  for  discussing  recent  advances  in  the 
theory  investigations,  computer  modeling,  experiments,  technology  and  applications  of  the  ultrawide¬ 
band  and  ultrashort  impulse  signals.  The  conference  started  as  a  workshop  in  2002.  It  was  the  first 
conference  in  the  field  of  UWB  among  the  countries  of  Former  Soviet  Union,  which  activated  later  on 
the  similar  successful  conferences  in  Russia  and  others  countries  of  former  USSR.  In  2002  we  met  47 
participants.  Since  then,  the  number  of  participants  and  scientists  interested  in  UWB  problems  conti¬ 
nually  grows.  This  year  the  Technical  Program  Committee  had  invited  10  papers  and  accepted  74 
contributed  ones  from  Ukraine,  Russia,  Belarus,  USA,  China,  Germany  and  France 

We  enjoyed  working  with  all  the  members  of  Local  Organizing  Committee  and  Technical  Program 
Committee  and  we  thank  them  a  lot  for  their  immense  work  and  efforts.  We  appreciate  deeply  co¬ 
organizers  and  sponsors  for  their  information,  material  and  financial  contribution  to  the  success  of  the 
conference.  A  special  gratitude  we  express  to  European  Microwave  Association  (EuMA)  for  repeated¬ 
ly  sponsoring  the  young  scientists  contest  that  undoubtedly  will  promote  UWB  among  new  scientists 
generation.  Due  to  support  of  EuMA  we  announced  the  contest  for  best  presentation  among  young 
scientists  (up  to  35  years  old)  with  1000  EUR  awarding  funds.  We  are  extremely  thankful  to  the  man¬ 
agers  and  staff  of  Sevastopol  National  Technical  University  for  their  hospitality  and  organization 
help.  We  would  like  also  to  kindly  thank  the  editing  group  that  prepared  the  conference  proceedings 
and  supported  Website  of  UWBUSIS’  10. 

We  would  like  to  thank  all  the  participants  -  these  are  you  who  have  made  UWBUSIS’  10  possible. 
We  wish  all  the  UWBUSIS  participants  successful  work  at  the  meetings,  establishing  and  renewal 
pleasant  and  fruitful  contacts  with  colleagues.  Let  the  conference  brings  you  new  ideas,  discovers  new 
horizons  and  leave  vivid  recollections  about  nice  time  in  the  sunny  Crimea. 


Sincerely  yours , 

Yakov  Shifrin,  Nikolay  Kolchigin 
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Abstract 

One  can  suppress  the  strong  signal  amplitude  of  the  early-time  scattering,  relative 
to  the  late-time  signal  containing  the  natural  resonances  (for  target  identification)  us¬ 
ing  various  techniques.  This  paper  discusses  the  use  of  polarization  for  the  early-time 
suppression. 


1.  Introduction 

For  target  identification/classification,  an  important 
technique  uses  the  singularity  expansion  method 
(SEM)  [10].  The  backscattering  delta-function  re¬ 
sponse  is  characterized  by  the  scattering  dyadic 

a(U)  =  EUOUlKM*  -  <„)  +  (u) 

+  entire  function  ( temporal  form), 

c  (1 )  •  1  =  0  ,  direction  of  incidence. 

a'i'  i  7 

As  discussed  in  [4],  the  scattering  problem  in  gen¬ 
eral  must  have  an  entire  function  (not  describable  by 
complex  resonances)  to  characterize  the  early-time 
scattering.  Note  that  the  scattering  dyadic  multiplies 

the  incident  field  to  give  (with  a  delay  and  [47r r]  ) 

the  scattered  field. 

To  recognize  the  target  by  its  complex  natural  fre¬ 
quencies  sa  ,  one  sometimes  encounters  a  problem 

with  a  large  early-time  transient  signal  in  the  presence 
of  a  low-level  late-time  resonant  signature.  This  intro¬ 
duces  a  dynamic-range  problem  in  the  transient-signal 
recording  devices  (such  as  digitizers).  One  would  then 
like  to  avoid  the  early-time  signal  in  the  recording  to 
accurately  measure  the  late-time  waveform. 

One  can  approach  the  problem  of  early-time  sup¬ 
pression  in  various  ways.  One  can  use  limiters  [9]  to 
chop  off  the  early-time  peak(s).  This  raises  practical 
questions  concerning  the  response  time  of  the  limiter 
(early-time  feed  through)  and  the  recovery  time 
(hopefully  before  the  beginning  of  the  late-time  sig¬ 
nal).  Another  possibility  would  have  linear  (passive 
and/or  active)  analog  filters.  If  the  early- time  signal  is 


sufficiently  narrow  in  time,  then  special  low-pass  fil¬ 
ters  (i.e.,  integrators  [8])  can  reduce  the  early-time 
amplitude  relative  to  the  late-time  amplitude.  One  can 
also  use  an  incident  (interrogating)  wave  which  is 
designed  by  its  frequency  content  to  maximize  the 
return  of  the  late-time  resonances. 

The  present  paper  considers  the  use  of  the  polariza¬ 
tion  properties  of  the  scattering.  If  the  early-time  pola¬ 
rization  is  sufficiently  different  from  the  late-time 
polarization  [6],  then  one  can  in  effect  “cross  polar¬ 
ize”  (in  a  general  sense)  the  radar  to  the  early-time 
scattering,  while  letting  the  late-time  scattering  (or 
useful  portions  of  this)  through  to  the  recorder. 

Note  that  we  are  here  concentrating  on  physical 
(analog)  processes  so  as  to  avoid  differencing  of  large 
numbers  (digital  processing)  from  digitized  wave¬ 
forms. 

2.  Antenna  Polarization 

Figure  1  shows  the  various  combinations  of  transmit 
and  receive  polarizations.  While  this  is  shown  for  two 
nearby  antennas  for  clarity,  these  combinations  are 
also  possible  in  a  single  antenna  (such  as  a  reflector 
impulse  radiating  antenna  (IRA))  [1-3]. 

As  will  become  useful,  we  do  not  need  to  fix  I  as 

h 

horizontal  (parallel  to  local  earth).  We  can  rotate  the 
antenna(s)  by  some  angle  ifh  (positive  or  counter¬ 
clockwise  as  seen  from  the  front).  There  are,  of 
course,  electrical  ways  to  combine  the  signals  with 
appropriate  weights  (e.g.,  attenuators)  to  achieve  the 
same  effect. 
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3.  Nulling  Some  Early-Time 
Responses  by  Polarimetry 

Consider  now  some  typical  early-time  scatter-ing  ex¬ 
amples  [5,  12].  This  leads  to  polarimetric  ways  to 
suppress  such  signals  in  the  radar. 

3.1.  Flat  Plate,  Broadside 

This  produces  a  strong  specular  reflection  with  a 
waveform  proportional  to  the  time-derivative  of  the 
incident  field.  Most  importantly,  the  scattering  is  po¬ 
larization  independent,  i.e.,  the  scattered  field  has  the 
same  polarization  as  the  incident  field  (with  a  minus 
sign).  Denoting  by  V the  various  voltage  signals  in  the 
radar,  then  form 

V  =  Vhih-Vv  =  0  (3.1) 

for  this  type  of  scattering.  This  holds  for  any  rotation 
of  the  radar  through  the  angle  ?/y  . 

If  one  has  such  a  polarization-independent  scatter¬ 
ing,  another  approach  considers  h,v  (=  v,h)  scattering 

(crosspol).  In  this  case  one  can  use  only  one  linear 
polarization  for  incidence  and  rely  on  the  zero  cross- 


h,  v  (—  v,  ft) 


T  =  transmit 
R  =  receive 

Fig.  1.  Antenna  polarization. 


pol  for  such  early-time  scattering.  Then  one  looks  at 
Vhv  for  the  late-time  scattering.  One  may  wish  to 
rotate  the  antenna,  since  then  only  one  transmit  pola¬ 
rization  is  needed.  One  can  also  combine  ft,  ft  and  v,v 
transmission  to  give  a  linear  polarization  at  any  de¬ 
sired  angle  ^  .  The  object  is  to  maximize  the  late¬ 
time  crosspol  scattering. 

3 .2.  Curved  Surface:  Convex 

In  this  case  we  have  the  Gaussian  curvature  r~l  related 
to  the  two  radii  of  curvature  at  the  specular  point  as 

r  ii/2 

\  =  y  r2|  (3-2) 

The  early-time  scattering  is  a  replica  (delta  func¬ 
tion  convolution)  of  the  incident  waveform  [11  (Sec¬ 
tion  1.4.3),  5  (Section  5)].  The  scattering  is 
polarization  independent,  so  the  results  of  Section  3.1 
apply. 

3.3.  Long  Wedge,  Normal  Incidence 

Letting  the  edge  be  normal  to  the  direction  of  inci¬ 
dence,  we  have  a  strong  scattering  with  polarization 

1  parallel  to  the  edge.  The  frequency  dependence  is 
such  that  a  delta  function  gives  a  scattering  propor¬ 
tional  to  t~1/2u(t)  [12].  Clearly  we  need  to  look  in  the 
polarization  perpendicular  to  this.  This  can  be  acom- 
plished  by  rotating  the  antenna  by  an  angle  ^  with 

cos (vo  =  i  •  ih, 

X  cosM  +  l  sin(y)]. 

Alternately,  we  can  form 

V  =  sin(y)LM  -  cos(ip)Vm  =  0  . 

3 .4.  Short  Wedge,  Normal  Incidence 

With  a  finite-length  edge  at  normal  incidence  we  have 
an  early-time  signal  which  replicates  the  incident 
waveform  [12].  The  results  of  Section  3.3  still  apply. 

3.5.  Cone 

In  this  case,  with  the  first  scattering  coming  from  the 
cone  tip,  the  scattered  field  is  proportional  to  the  time 
integral  of  the  incident  field  [12].  While  one  can  null 
this,  the  amplitude  of  the  scattered  field  is  small 
(stealth)  compared  to  the  previously  discussed  cases. 

4.  Separation  of  Polarizations 

One  difficulty  with  this  approach  concerns  the  obtain¬ 
ing  of  two  separate  (ft, ft  and  v,v  or  appropriate  combi¬ 
nations)  polarization  signals,  such  as  is  the  case  for 
early-time  polarization-independent  backscattering. 
(See  Section  3.1  and  3.2.)  Of  course,  one  can  perform 
two  separate  target  interrogations,  one  with  each  of 
the  two  orthogonal  transmit  polarizations.  This  gives  a 


(3.3) 

(3.4) 
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problem.  One  can  always  combine  the  results  in  a 
computer,  but  this  has  a  dynamic-range  problem  for 
recovering  the  late-time  information. 

One  would  like  an  analog  way  to  perform  this 
combination  of  the  two.  One  could  place  one  signal, 
say  Vhh  in  a  delay  line.  By  transmitting  vertical  at  a 

later  time  to  illuminate  the  target  at  a  time  after  the 
late-time  scattering  from  the  first  pulse,  we  can  have  a 
second  signal  in  the  v  channel.  With  the  delay  time  in 
the  h  channel  equal  to  the  delay  of  the  v  channel,  the 
two  signals  can  be  differenced  in  real  time  in  an  ana¬ 
log  fashion,  giving  the  desired  early-time  cancellation. 
A  similar  technique  can  be  used  in  transmit  by  split¬ 
ting  the  signal  from  a  pulser  into  the  two  channels  and 
inserting  a  delay  line  in  the  v  channel  (same  delay  as 
in  the  h  receive  line).  With  two  “identical”  delay  lines, 
imperfections  (attenuation,  dispersion)  are  balanced  in 
the  two  channels.  With  ideally  no  early-time  crosspol, 
there  are  late-time  signals  outside  the  time  widow  of 
interest,  but  one  might  ignore  these.  Of  course,  there 
may  be  some  early-time  crosspol,  but  this  can  be 
small  by  comparison. 

For  the  case  of  a  dominant  signal  early-time  polari¬ 
zation  (Sections  3.3  and  3.4)  the  situation  is  somewhat 
simpler.  In  this  case  one  transmits  and  receives  a  po¬ 
larization  orthogonal  to  the  scatterer  early-time  pola¬ 
rization.  This  can  be  accomplished  by  antenna 
rotation  using  an  appropriate  linear  combination  of  h 

and  v  channels,  now  operated  simultaneously  in  time. 

5.  Analog  Signal  Combination 

The  concern  here  is  the  required  dynamic  range  of  the 
digital  recording  devices.  By  reducing  the  early- time 
signal  relative  to  the  late-time  signal  before  they  reach 
the  recorder,  we  lessen  the  dynamic-range  problem. 

The  signal  combination  then  needs  to  be  done  in  an 
analog  fashion  by  combining  signals  in  circuits, 
transmission  lines,  etc.  In  some  cases  an  inverter 
(which  can  be  made  with  coaxial  cables  and  chokes 
(ferrite))  is  required  to  reverse  the  sign  of  a  signal. 
Signals  can  also  be  multiplied  by  a  positive  constant 
by  an  attenuator  (or  amplifier).  Care  is  needed  so  as  to 
have  the  desired  frequency-response  characteristics. 

6.  Late-Time  Polarization 
Differences  from  Early-Time 
Polarization 

After  minimizing  the  early-time  scattering  signal,  we 
still  need  to  observe  the  late-time  complex  reson¬ 
ances.  This  requires  that  the  polarization  properties  of 
at  least  some  of  the  late-time  damped  sinusoids  differ 
significantly  from  the  early-time  polarization  proper¬ 
ties.  As  discussed  in  [6]  there  are  a  variety  of  polariza¬ 
tions  associated  with  the  various  substructures  on  a 
target  of  interest.  One  then  chooses  those  which  are 
different  from  the  early-time  polarization.  The  cases 


of  linear  polarization  can  be  promising  for  the  re¬ 
quired  differences. 

7.  Application  to  Clutter  Reduction 

The  discussion  here  has  been  in  terms  of  reducing  the 
early-time  scattering  signals.  However,  targets  are 
often  in  the  presence  of  other  scatterers  which  pro¬ 
duce  signals  which  we  call  clutter.  We  need  to  reduce 
these  for  our  target  identification.  Similar  techniques 
can  be  applied.  For  this  purpose,  the  early-time  scat¬ 
tering  can  be  regarded  as  just  another  source  of  clut¬ 
ter.  The  clutter  from  the  additional  scatters  also  has 
polarization  properties.  So  we  can  consider  “cross 
polarizing”  to  this  clutter  as  well.  An  example,  given 
in  [7],  considers  a  periodic  array  of  vertical  posts 
(fence  posts,  wall  studs,  etc.).  There,  the  consideration 
was  in  terms  of  removing  this  clutter  by  a  SAR  tech¬ 
nique  by  subtracting  this  as  background  when  scan¬ 
ning  a  target  behind  the  post  array.  Here  we  can  note 
that  the  post  array  will  typically  scatter  more  in  ver¬ 
tical  than  in  horizontal  polarization.  Hence,  one  may 

preferentially  look  for  the  V  scattered  signal.  The 

polarization  of  the  target  early-time  signal  and  the 
late-time  resonances  also  need  to  be  considered. 

8.  Concluding  Remarks 

Now  we  add  another  dimension  to  our  attempts  to 
suppress  early-time  relative  to  late-time  scattering, 
namely  polarization.  The  examples  discussed  here 
show  the  various  forms  this  might  taken,  including 
various  combinations  of  two  linear  polarizations.  This 
will  have  various  requirements  for  hardware  realiza¬ 
tion.  While  the  discussion  here  is  in  terms  of  back- 
scatter  (monostatic),  the  concepts  apply  to  bistatic  (or 
multistatic)  radar,  and  to  synthetic  aperture  radar 
(SAR)  as  well. 

Here  we  have  used  scattering  theory  to  illustrate 
various  examples  of  interest.  This  can  be  generalized 
to  an  experimental  technique  as  well.  By  measuring 
the  early-  and  late-time  polarization  properties  of  tar¬ 
gets  of  interest  one  can  experimentally  optimize  the 
early-time  suppression  using  techniques  such  as  dis¬ 
cussed  in  Sections  3  and  4. 

The  present  technique  need  not  be  used  alone.  It 
can  be  combined  with  others,  such  as  analog  filtering, 
nonlinear  limiters,  etc. 
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Abstract 

New  approaches  to  analysis  and  synthesis  of  microwave  power  compressors  and 
radiators  of  high-power  short  radio  pulses  are  discussed  in  the  paper.  These 
approaches  are  based  on  time-domain  methods  and  allow  us  to  study  both  particular 
dynamic  processes  occurring  in  different  nodes  (in  resonator  drives,  locks,  wave 
beams  distributed  switches,  radiators,  etc.)  and  the  general  devices  operation 
principles. 

Keywords:  mathematical  modeling,  computational  experiment,  time-domain  method, 
microwave  power  compressor,  short  radio  pulse. 


Introduction 

A  compressors’  energy  efficiency  increase  requires  a 
detailed  study  of  the  accumulation  processes  and 
energy  escape  processes  in  open  resonators,  excited 
by  long  quasimonochromatic  pulses. 

Within  the  bounds  of  experimental  approaches 
supported  only  by  general  ideas  about 
electrodynamics  characteristics  of  the  storage  single 
nodes  (a  resonator  itself,  coupling  window  with 
feeding  waveguide,  commutator)  and  approximate 
computations,  satisfying  solution  of  this  problem  can 
be  obtained  by  the  significant  timetable  and  material 
resources.  The  point  is  that  the  microwave  pulse 
compressor  is  the  resonant  structure,  which  is  able  to 
work  only  when  the  functional  characteristics  of 
particular  nodes  and  the  excitation  parameters  are  well 
chosen.  The  variation  of  any  parameter  usually  induce 
an  avalanche,  uncalculatable  on  simplified  models  of 
changes  which  can  radically  worsen  the 
characteristics  developed  device. 

Mathematical  modeling  and  computational 
experiment  allow  us  to  consider  a  lot  of  cases,  to 
analyze  in  detail  the  physics  of  the  process,  realized  in 
the  compressors  of  all  structures  today  (see,  for 
example  [1-6]),  to  solve  synthesis  [7]  and 
optimization  problems,  to  obtain  specific  estimates  in 
that  size  which  sufficiently  to  produce  available 
laboratory  models  operatively  and  without  large 
resources  consumption.  Powerful  and  universal  time- 
domain  methods  are  the  best  for  such  modeling  [8]. 
These  methods  algorithms  supplied  with  exact 
absorbing  conditions  [9,10]  allow  us  to  analyze  the 
limited  spatial  regions  and  to  obtain  reliable  estimates 


for  arbitrary  time  intervals  of  variable  t ,  which 
characterize  the  physics  of  the  transient  processes 
under  possible  resonant  waves  scattering.  Special 
time-domain  and  frequency- domain  methods 
combined  for  the  study  of  open  resonance  structures 
of  complex  geometry  [1 1,12]  are  developed. 

Algorithms  from  [9-12]  are  realized  in  specialized 
program  packages  that  allow  us  to  model  and  analyze 
the  power  compressors  and  powerful  short  radio-pulse 
resonance  radiators  with  almost  any  type  of  storage 
devices  (waveguide  and  open  resonators  with  metal, 
translucent  and  frequency-selective  mirrors),  and 
locks  (distributed  grating  switches  for  compressors  in 
multimode  waveguides  and  resonance  radiators, 
interference  and  resonance  switches  for  compressors 
with  unimodal  diverting  waveguides).  This  programs 
have  been  involved  in  the  computational  experiments, 
the  result  of  which  are  presented  in  the  paper.  We 
place  the  part  of  illustrated  materials  without  the 
detailed  comments  to  conclude  abut  the  direction  of 
research  and  its  main  results.  We  use  SI  for  all 
physical  parameters  except  t  that  is  measured  in 
meters  -  it  is  the  product  of  the  natural  time  and  the 
velocity  of  the  propagation  of  light  in  vacuum. 

1.  Compressor  on  h01  -Wave  of 
Rectangular  Waveguide 

Rectangular  regular  waveguides  of  the  direct  flow 
compressor  (see  Fig.  1:  a  =  1.28,  b  =  3, 
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Fig.  1. 


d  =  dl+d2+d3-l6,  d\  =  3,  d2=  10,  d3  =  3, 

d4  =  0.06  ,  1  =  0.6  ,  h  =  0.4  ;  z  =  0  and  z  =  d  are 

virtual  boundaries  defining  computational  domain  of 
model  problem)  supports  of  one  (left,  feeding 
waveguide)  or  three  (right,  outlet  waveguide  )  H0n  - 

waves  in  the  frequency  band  3.2  <k<4A.  Lock 
(commutator)  is  the  periodical  system  of  the  discharge 
tubes  {s  =  3.8 , 0.02  is  the  walls  thickness).  Its  range 
characteristics  in  the  accumulation  mode  (A  -  tubes 
are  filled  with  s  =  1.0  and  cr0  =  5.7  TO4 )  and  in  the 
escape  energy  mode  (B  -  tubes  are  empty,  £  =  1.0 
and  cr0  =  0 )  are  shown  in  the  Fig.  2. 


Here  k  =  2k / A  is  a  wave  number;  s  and  cr0  are 
relative  dielectric  conductivity  and  a  specific 
conductivity;  JVnAA  (k)  (W^A(k))  is  the  part  of 

energy  which  is  fit  on  the  reflected  (transmitted) 
H0n  -wave  when  lock  excited  by  H0l  -wave  from  the 

domain  A . 

To  determine  the  potential  compressor’s  working 
frequencies  k^Rek  (frequencies  1-7  at  Fig.  3)  in 
the  frequency  band  3.2  <  k  <  4.1  we  excite  it  by  the 
pulse  Ff01  -wave  Elx  ( g,t ) : 

v1(0,?)  =  4sin[AA:(?-f)](/-f)"1cos[^(?-f)]x 
xX(T-t)-  k  =  3.65  ,  Ak  =  0.5  ,  f  =  50,  f  =  100. 
After  that  spectral  amplitudes  \EX  (gi,&)|  of  free 

oscillating  field  Ex(g,t );  / >  1 00 ,  g  =  {y,z}  =  gl 
must  be  analyzed  (see  Fig. 3). 


o 

o 


% 
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Here  j(...)  is  a  Heaviside  step  function,  vx  (Ou)  is 
amplitude  of  the  incident  Hox  -wave  in  the  plane 


z  =  0  .  Re  k  are  real  values  of  the  eigenfrequencies 

k  ,  appropriating  to  the  high  Q-quality  free 
oscillations  in  the  storage  device.  Spectral 
characteristics  of  this  oscillations  (configuration  of  the 
oscillations  field  and  their  quality  g  =  Re^2|lm^|) 
are  determined  using  the  compressor  exciting  by  the 
narrowband  Gaussian  pulse  Elx(g,t ):  Vj  (Oa)  = 


=  exp 


[t-ff  / Ad? 


cos  k(t-f )  x(T-t); 


k  &  Re  k  ,  a  =  20,  7  =  100,  7  =  200  (see 

corresponding  methodology  in  [11,12]).  H0XX2- 

oscillation  that  corresponds  to  the  frequency  6  (see 
Fig.  4). 


Fig.  4. 

Its  Q-quality  (Re£  » 3.953,  Im£  » 0.0003)  is 
enough  to  construct  the  working  compressor. 

2.  Factors  that  Significantly 
Influencing  the  Energy 
Accumulation  Process 

We  can  get  full  information  about  accumulation 
modes  which  can  be  realized  in  the  compressor  (see 
Fig.  5:  A  -  c  =  0.4  ,  B  -  c  =  0.36  ,  C  -  c  =  0.32  ,  D  - 
c-  0.28 )  obtaining  complex  eigenfrequencies 
k  =  Re  k  +  i\mk  for  the  #0  x  12  -oscillations  in 

storage  devices  with  different  sizes  of  window 
between  the  feeding  waveguide  and  the  resonator  and 
exciting  compressor  with  the  long  quasi- 

monochromatic  pulses  Elx  (g,^) : 

v1  (0a)  =  P^cos^^-T^J ;  k  =  Re/c  ,  f  =  1.0, 
P(t)  =  0.1-5-3000-3004.9  . 

Here  P(t)  =  tx  -t2  -t3 -t4  is  the  trapezoidal 
envelope  curve.  It  is  equal  to  zero  when  t  <  tx ,  t  >  t4 
and  equal  to  unity  when  t2<t<t3;  ux{0,t)  and 
ux(d,t)  are  the  amplitudes  of  the  reflected  and 
transmitted  Hox  -  waves  in  planes  z  =  0  and  z  =  d  . 
Obviously,  that  functions  vx  (0a)  ,  ux  (0a)  ,  and 


ux(d,t)  determines  the  efficiency  of  the 
accumulation  energy  process  in  each  point  of  time  t , 
and  the  function  Ex(g2,t)  determines  the  peak 

amplitude  of  signal,  which  can  be  obtained  as  a  result 
of  compression. 

Even  small  deviation  of  the  central  frequency  k  of 
the  feeding  pulse  #01 -wave  from  value  k  =  RQk 

may  be  lead  to  complete  loss  of  compressor’s  ability 
to  accumulate  energy  in  the  resonant  volume.  The 

data,  presented  in  Fig.  6  ( c  =  0.32  ;  Elx  ( g,t ) : 
v1(0,?)  =  P(/)cos[£(/-:f)];  P(t)  =  0.1-5- 

-5000-5004.9,  7  =  1.0;  A  -  k  =  Rek  =  3.95625  ,  B 
-  k  =  3.953),  confirms  this:  the  mistake  in  the 

definition  of  k  equal  approximately  to  0.082% 
transforms  the  compressors  storage  in  the  banal,  well 
reflecting  heterogeneity. 

3.  Characteristics 
of  the  Compressor 

Here  are  some  calculated  characteristics  of  the 
compressor  with  c  =  0.32 .  Ho  x  12  is  the  type  of 

working  oscillation,  kwork  =  Re k  -  3.95625  is  the 

operative  frequency,  Q  «  7912.5  ( Im  k  «  -0.00025  ) 
is  the  quality  of  accumulation  resonator.  Changing  the 
duration  of  pumping  Tx  in  the  interval 

2500  <  7/ <  10000  the  efficiency  of  the  energy 

accumulation  r]accum  (7/)  =  [w‘  -W?  -W^W(  and 

the  achieved  level  of  field  intensity  in  the  loop  of  the 
working  fluctuation  field 

a ( 7]  |  =  max  \El  (g,t)  /maxi E  (g2,t)\  changes  like 

V  ’  0  <t<Tp  7  ^>0 


that: 


7/  =  2500 

5000 

7500 

10000 

Caecum  (^1  ) 

0.691 

0.8 

0.736 

0.637 

a  (7/) 

0.509 

0.774 

0.906 

0.981 

Here  w!(t()  =  {t)]dt ,  ^f/)  = 

=  Jo'  Px  (t)dt  and  W2(tx^  is  the  energy  stored  in 
the  input,  reflected  and  transmitted  pulses;  -Pxs  (t) , 
Pxs  (/)  and  P2  ( t )  are  the  instant  power  which  is  fed 
and  radiated  across  the  virtual  boundaries  L1  and  L2 
(see  Fig.  7).  In  the  case  illustrated  by  Fig.  7  and 
Fig.  8,  the  exciting  pulse  Elx(g,t): 

vi  (0,  t)  =  P{t)  cos  [£  [t  -  f)]  ;  k  =  kwork , 
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0  2500  5000  7500  10000  t 

Fig.  7. 

P{t)  =  0.1-5-10100-10104.9,  f  =  1.0  feeds  the 
structure  until  10105,  but  the  accumulation  of 
energy  completely  stops  until  the  moment  t  =  10001 . 

The  values  of  the  function  <J0(t)  that  characterizes 
the  filling  of  gas-discharge  tubes  material  absorption 
are  varying  from  a0  =5.7-1 04  up  to  a0  =  0  on  the 
interval  10000  <  t  <  10001  when  compressor  opens 
up. 


The  effective  duration  of  the  signal  which 
transmitting  through  the  virtual  boundary  L2  is  equal 

to  T2  =21.5  (see  Fig.  8).  It  is  not  much  more  than 
twice  the  length  of  accumulation  resonator, 
p  =  T[  / T2  «  465  it  is  the  degree  of  compression; 

r\  =  W2  j W[  [t^  j  «  0.6238  it  is  the  coefficient  of 
efficiency;  0  =  P  •  rj « 290  it  is  the  power 
amplification.  Here,  W2  =  J10004  Pi  (t)dt ,  and  the 
integration  intervals  has  determined  by  the  effective 


duration  of  the  generated  pulse.  Denote,  that  the 
amplitudes  of  the  functions  P?  (t)  are  greater 

approximately  up  325  and  16250  times  on  this 
interval,  than  maximal  amplitudes  of  oscillations  of 
the  functions  P\  (t)  and  Pi  (t)  on  the  interval 

0  <  t  <  1 0000  .  The  coefficient  of  efficiency  of 
compressor’s  is  less  than  the  accumulation  efficiency 

Caecum  [T\  )  •  The  part  of  energy  are  distributed 

between  short  intensive  ejection  in  the  reflected  signal 
(see  Fig.  7)  and  long  lived  tail  which  is  attend  the 
main  pulse. 

We  can  determine  the  working  wavelength 
^work  ~  1-588 [m]  via  the  value 

kwork  ~  3.95625 [rad/m] .  The  length  of  the 
accumulative  camera  for  compressor  which  operates 
with  such  Twork  is  equal  to  d2  =  10.0[m] . 

The  accumulation  time  is  33.3564 [juts']  that 

characteristics  mentioned  above  must  be  obtained. 
Herewith  the  duration  of  the  generated  pulse  will  be 
equal  to  7 1.7 163 [/is] .  Obviously,  that  all  results 

obtained  with  this  approach,  are  easily  transformed  on 
any  other  geometrically  similar  structures.  For 
example,  to  work  with  the  wavelength 
T work  ~  8 [mm]  it  is  necessary  the  storage  device  with 

the  length  50.38  [mm]  and  with  the  accumulation 
time  of  1 68.042 [ws] .  The  pulse  duration  formed  in 
such  compressor  will  be  equal  to  361 .291  [ps]. 

4.  Conclusion 

At  first  compressor’s  work  has  been  completely 
computed  in  the  frames  of  the  strict  model.  It  is  the 
compressor  at  the  segments  of  the  rectangular 
waveguides  with  the  outrageous  diaphragm  as  the 
coupling  window,  and  the  system  of  quartz  gas- 
discharge  tubes  as  the  commutator.  That  sort  of 
models  allow  us  to  analyze  correctly  the  space-time 
transformations  of  electromagnetic  field  in  open 
resonant  structures  with  high  Q-quality.  The  results  of 
this  work  are  directly  proved  that  prior  and 
comprehensive  electrodynamics  modeling  must  be 
used  for  a  construction  of  effective  working 
compressors  in  region  of  centimeter  and  millimeter 
wavelengths. 
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Abstract 

In  this  report  a  general  theory  of  phase-locked  loop  (PLL)  for  N-dimensional  UWB- 
signals  (for  example  radar  and  optical  signals)  is  given.  On  the  first  step  a  discretization  me¬ 
thod  for  solving  differential  equations  of  the  PLL  systems  is  presented.  It  is  shown  that  there 
are  a  lot  of  zones  of  synchronous  in  discretized  PLL  and  a  technical  realization  of  this  device 
(in  PLL  with  samples).  A  spectral  theory  of  analysis  of  oscillations  in  PLL  with  samples  is 
given.  It  is  shown  a  lot  of  different  physical  properties  in  PLL  with  samples.  The  effect  of 
shape  of  the  input  signals  (harmonic  signals,  splines  and  atomic  functions)  at  the  border 
zones  of  operating  modes  being  entered  into  PLL  with  samples  is  examined. 

Keywords:  Phase-locked  loop,  discretization,  atomic  functions. 


1.  Introduction 

Phase  locked  loops  (PLL)  are  widely  used  in  the  tasks 
of  generating  high  precision  oscillation  (frequency  syn¬ 
thesis)  [1-5]  for  ultra  wideband  (UWB)  radar,  the  op¬ 
timal  reception  of  digital  and  continues  UWB-signals 
[1],  the  organization  of  parallel  computations  in  multi¬ 
processor  (cluster)  systems  [3].  Special  place  in  the 
theory  of  the  PLLs  occupy  systems  with  samples 
[1,6,7]  (or  pulse  PLL  systems),  in  which  information 
about  error  in  the  circle  of  auto  regulation  handled  in 
separate  instants  in  comparison  with  continues  systems. 
This  is  achieved  using  a  special  type  of  pulse-phase 
discriminator  (PPD). 

The  important  feature  [6-8]  inherent  PLL  with  sam¬ 
ples  presence  of  a  great  number  of  synchronous  zones  of 
fractional  multiplicity  of  frequency  is.  As  it  is  shown  in 
[8]  its  usage  for  tasks  of  synthesis  of  frequencies  is  li¬ 
mited  by  that  in  physical  synchronous  zones  of  fractional 
multiplicities  the  spectrum  of  generated  oscillations  is 
polluted  of  parasite  components  because  samples  of  an 
entry  signal  are  allocated  non-uniformly  on  time  axis.  At 
the  approach  to  boundaries  of  physical  synchronous 
zones  the  spectrum  of  generated  signals  fails.  One  of 
methods  of  struggle  against  «spectrum  pollution))  in  the 
given  paper,  usage  of  various  forms  of  entry  signals  is 
researched.  Now  the  wide  circulation  for  tasks  of  a 
UWB-radar-location  [9-10],  digital  signal  and  image 
processing  [9-12]  was  received  by  the  theory  of  atomic 
functions  (AL).  However  in  the  literature  questions  of 


generating  of  the  signals  grounded  on  AL  practically 
were  not  discussed  to  it  by  it  in  operation  is  given  partic¬ 
ular  attention  with  reference  to  tasks  of  reception  of  os¬ 
cillations  with  a  pure  spectrum  in  PLL  with  samples. 

Operation  structure  the  following.  In  the  beginning 
units  of  the  continuous  PLL  theory  [1-5]  are  resulted.  It 
is  shown  that  in  continuous  PLLs  there  is  only  one  phys¬ 
ical  synchronous  zone  mode  limited  to  a  bar  of  syn¬ 
chronism.  Lurther  two  sorts  of  PLL  with  samples  (are 
considered  at  handle  of  the  period  and  frequency  of  os¬ 
cillations  of  the  set  up  generator).  It  is  shown  that  one  of 
such  models,  namely:  at  handle  of  the  period  it  is  possi¬ 
ble  to  receive  by  discretization  of  the  differential  equa¬ 
tion  for  continuous  PLL.  Research  of  dynamic  processes 
by  Lamerej-Kenigs  diagram’s  is  carried  out.  Research  of 
PLL’s  with  samples  dynamic  processes  detects  a  consi¬ 
derable  quantity  of  physical  synchronous  zone  modes  - 
allowed  bands  of  division  and  frequency  multiplication. 
The  detailed  analysis  of  PLL’s  dynamics  in  the  main 
physical  synchronous  zones  of  fractional  multiplicities  is 
given.  At  a  following  stage  introduction  in  theory  of  AF 
and  principles  of  creation  of  the  difficult  signals,  them 
made  them  is  given.  Lurther  application  of  the  signals 
made  from  AF,  for  generating  of  oscillations  with  a  pure 
spectrum  in  PLL  with  samples  is  researched.  It  is  shown 
that  usage  of  such  signals  expands  physical  synchronous 
zones  modes  of  fractional  multiplicities  of  frequency  at 
low  coefficient  of  regulation.  At  the  final  stage  the  spec¬ 
tral  theory  of  the  analysis  of  output  PLL  oscillations  with 
samples  in  multiplicity  synchronous  zones  1  /  1 ,  1  /  n 
n  n  G  Z  is  given 
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2.  Elements  of  the  Theory  of  Phase 
Locked  Loop  Systems 

2.1.  Continues  PLL 

The  basic  idea  of  synchronisation  by  means  of  PLL  con¬ 
sists  of  measurement  of  a  current  mismatch  of  oscillation 
phases  of  the  voltage  control  oscillator  (VCO)  and  the 
generator  of  main  oscillation  with  the  subsequent  usage 
of  a  signal  of  an  error  for  frequency  and  phase  VCO 
correction.  The  Block  diagramm  of  the  elementary  con¬ 
tinuous  PLL  is  presented  on  Fig.  1.  We  will  consider 
base  principles  of  its  operation.  In  the  phase  discrimina¬ 
tor  (PD)  the  current  phase  of  main  oscillation  ips  (t^j  is 

compared  to  a  phase  ipG  (t^j  of  oscillations  VCO  and  the 
error  signal  e(t^j  is  worked  out.  Having  passed  through 
a  loop  filter  (LF)  this  signal  arrives  to  VCO.  Under  the 
influence  of  controlling  power  g(t^j  correcting  mistun- 

ing  is  brought,  and,  being  added  to  own  frequency  free 
VCO,  it  operates  towards  reduction  of  an  initial  mis¬ 
match  of  phases  ip  (t^  =  ips  (t^j  —  ipG  [t^j  of  VCO  oscil¬ 
lations  and  a  main  signal. 

Mathematical  model  of  the  PLL  is  the  differential 
equation  which  in  general  form  so  we  can  write  so  [4] 

^  +  K(p)F(tp)  =  7  (1) 

Here,  D  =  S  •  E  is  the  greatest  mismatch  correction  (or 
band-matching,  since  if  |  uopR  —  uoR  |  <  ft  in  PLL  ob¬ 
served  synchronous  mode),  generating  in  system  de¬ 
pending  on  the  steepness  S  of  adjusting  frequency 
characteristics  of  the  householder  in  VCO  and  ampli- 

tudes  of  the  input  and  VCO  E  .  Here  7  =  R  ^ - — 

is  dimensionless  mistuning  the  natural  frequency  00  FR 
VCO  on  the  current  frequency  00  s  =  pip  of  reference 
vibration  and  K  (pj  is  operator  coefficient  transmission 
in  LF,  p  =  djdt  is  symbolic  notation  of  differential 

operator  and  F^yj  is  discriminatory  characteristic  of 
PD.  For  simplicity  we  use  a  sinusoidal  characteristic  of 
PD,  i.e.  F  (pj  =  sin  ip  .  In  Fig.  2a  the  dependence  of  the 
normalized  frequency  asynchronous  oscillations 
uo as  /ft  on  the  mistuning  7  .  It  is  seen  that  in  the  band¬ 
matching  ft  i.e.,  if  7  <  1 ,  asynchronous  oscillation 
frequency  is  equal  to  zero,  while  increasing  7  ,  i.e.  when 

leaving  the  band  matching  frequency  asynchronous  os¬ 
cillations  increases  according  to  expression 

uoasjftm  ^72  —  1  .  In  Fig.  2b  matching  area  is  shown 
7  =  (00  —  00  )  /  ft  (in  mathematical  literature 

'  s  '  syn  s'  <  v 


Fig.  1.  Block  diagram  of  the  PLL. 


Fig.  2.  The  dependence  of  normalized  frequency 
asynchronous  oscillations  00 as  /  ft  of  mis¬ 
tuning  (a);  physical  matching  zone  (Arnold 
tongue)  in  plane  of  parameters  (0, 7  )  (b). 

adopted  the  term  “Arnold  toungue”)  on  plane  of  control 
parameters. 

Difference  equation  of  sampling  PLL  in  the  man¬ 
agement  of  the  oscillation  period  of  VCO  can  be  ob¬ 
tained  by  discretization  of  differential  equation  of 
continuous  PLL  (1)  for  the  sampling  step  equal  to  1. 

2.2.  PLL  with  Samples  Working  Principals 

Here,  we  analyze  PLL  with  samples  working  principals. 
The  structural  scheme  of  such  a  system  is  presented  on  the 
Fig.  3a.  Assume  that  signal  input  us  is  harmonica  (it 
could  by  a  signal  coming  from  some  reference  generator) 
with  given  U{]  and  given  frequency  00 s  =  2tt  /  Ts,  where 

Ts  is  the  signal  period  with  initial  phase  0{] .  The  general 
expression  for  us  ^  is  following: 

us  M  =  U0  ■  sin  [UJst  +  e0]  =  U0- sin  \ps  Ml  •  (2) 

In  the  PPD  scheme  (Fig.  3b)  samples  uk  of  the  sig¬ 
nal  input  us([t)j  are  formed  in  moments  tk  correspond¬ 
ing  to  the  leading  edge  of  oscillations  of  the  impulse 
forming  block  (FB).  Control  voltage  coming  to  the 

input  VCO  gk  in  the  case  of  filterless  PLL  equals  ek . 

The  control  of  the  moment  t  of  the  next  sample  can 

be  performed  in  two  ways:  period  control  and  oscilla¬ 
tion  frequency  control  of  VCO.  In  the  first  case  voltage 

gk  determines  linearly  the  interval  Tk+1  =  t  —  tk  to 
the  next  sample.  Thus,  VCO  oscillation  period  is 

Tk+1  —  4n  h  TFR  STgk ,  (3) 
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where  TpR  is  VCO  free  period  (when  gk  =  0 ),  ST  is 

the  slope  of  modulation  characteristic  of  VCO  period 
controller.  From  (3)  it  follows  the  dependence 

tk+ 1  =  f(tk)  with  the  account  of  (2). 

Then 

4+i  =  4  +  Tfr  -  Tm  sin  hs4  +  °o }  ’  (4) 

where  TM  =  ST  •  UQ  is  the  maximum  deviation  of 
oscillation  frequency  generated  by  VCO.  For  phase 
samples  =  ust  +  0Q  and  maximal  phase  deviation 

K  =  ujaT.f  we  receive 

S  M 

=Vk  +2irB^K-sm<pk,  (5) 

where  B  =  TpR  /  Ts  =  ujs  /  is  initial  frequency 

mismatch  between  signal  and  VCO  free  oscillations. 
Lets  divide  finite-differential  equation  (5)  by  27t  and 

pass  finally  to  coordinate  xk  =  pk  /  2i r  .Then 

*t+i  =xk+B~  (■ K/27r)  ■ sin  (2?r  •  )  •  (6) 

Received  finite-differential  equation  (6)  is  a  mathemat¬ 
ical  model  of  PLL  with  samples  with  VCO  oscillation 
period  control.  To  control  VCO  oscillation  frequency 
there  exist  the  following  finite-differential  equation: 

B 

xh+i  xk 1 - ~t — v-  (7) 

1  —  K ^  sin  [2tt  •  xk  j 

Thus,  we  received  mathematical  models  of  PLL  with 
samples  in  the  form  of  two-parametrical  finite-differential 


N 


Fig.  3.  Block  diagram  of  PLL  with  samples  (a)  and 
formation  of  samples  of  input  sinusoidal 
signal  (b). 


equations  (or  discrete  mapping)  with  VCO  period  control 
(6)  and  oscillation  frequency  control  (7).  Mapping  (6)  can 
be  derived  by  sampling  differential  equation  of  continuous 
PLL  with  sample  interval  equal  to  1 . 

Next  we  analyze  the  dynamic  of  PLL  with  samples. 
For  simplicity  we  consider  VCO  Period  control  case. 


3.  Dynamical  Processes  in  Phase 
Synchronization  System  with 
Samples 


3.1.  Lamerej-Kenigs  Diagramms 


Consider  methods  of  investigation  of  mappings  (6)  n  (7) 
dynamics.  Discrete  mappings  (finite-difference  equations) 
are  considered  on  the  cylindrical  surface.  This  practice  is 
usual  in  the  theory  of  continuous  phase  synchronization 
systems  [6].  Such  presentation  allows  to  use  graphical 
form  of  dynamical  process  under  the  method  of  Lamerej- 
Kenigs  diagrams.  An  examples  of  such  diagram  is  shown 
in  Fig.  4  for  some  mapping  xk+1  =  f  [xk  j  (axes  are  xk  ( 1 


and  xk ).  Under  this  method  time  process  xk  depending 

on  k  is  constructed  (Fig.  4b). 

Firstly,  consider  the  precise  VCO  tuning  to  signal  fre¬ 
quency  (B  =  1 ),  when  one  sample  is  made  for  one  period 
of  input  signal.  Lamerej-Kenigs  diagram  is  presented  in 
the  Fig.  5a  and  time  process  is  in  the  Fig.  5b.  There  exist 
three  fix  points:  x  =  0  ,  x  =  0, 5  and  x  =  1 .  It  is  neces¬ 
sary  to  estimate  their  stability  by  multiplier. 

It  is  possible  to  find  multipliers  of  fixed  points  (the 
slope  of  mapping  function 

f{xk’B’K)  =  xk  +B-(K /2  71-)- sin  (271--^) 


a) 


<l>2 

4>i 

<l>0 


0 


1 

b) 


k 


Fig.  4.  Lamerej-Kenigs  diagram  (a)  and  temporary 
process  (b). 


Fig.  5.  Lamerej-Kenigs  diagramm  (a)  and  time 
process  (b)  of  mapping  (6)  when 

K  =  XB  =  l,xQ  =0,4. 
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from  the  following  expression: 


df(x,B,K) 

d(j) 


1  —  K  •  cos(27r  •  x^j . 


(8) 


From  (8)  it  follows  that  for  K  =  1  multiplier 
equals  to  zero  in  two  points  x  =  0  and  x  =  1 .  In  the 
point  x  =  0.5  /i  =  2 ,  hence  it  is  not  stable.  When 
parameter  B  equals  to  0,5  it  is  possible  to  discover 
the  existence  of  2T-cycle.  In  this  case  it  is  necessary 
to  investigate  fixed  points  of  surface  mapping 
/  (/(#,  L?,  K) ,  L?,  K j  .  Lamerej-Kenigs  diagram  for  the 

mapping  of  the  circle  when  B  =  0, 5  is  presented  in 
Fig.  6.  In  this  case  generator’s  frequency  equals  to  the 
doubled  frequency  of  input  signal. 

Consideration  of  other  types  of  dynamic  can  be 
performed  analogically.  Now  we  pass  to  the  diagrams 
of  dynamical  modes  observed  in  PLL  with  samples. 


3.2.  Physical  Map  of  Dynamical  Modes  of 
PLL  with  Samples 

Under  the  variation  of  parameters  K  n  B  over  the 
wide  range  it  is  possible  to  discover  the  large  number 
of  different  types  of  dynamics.  Explicit  maps  of  dy¬ 
namical  modes  (synchronization  zones)  for  the  standard 

(K  G  [0,2])  and  modified  (K^  £  [o,l])  mapping  of 
circles  when  B,B^  e  [o,l]  are  presented  in  Fig.  7a-b. 

In  the  area  K  >  1  near  “Arnold  tongues”  can  cross 
over.  In  this  case  in  PLL  with  samples  chaotic  oscilla¬ 
tions  are  observed.  More  detailed  information  on  chao¬ 
tic  oscillations  generation  using  PLL  with  samples  can 
be  found  in  [7]. 

It  was  discovered  that  in  PLL  with  samples  it  is 
possible  to  realize  the  large  number  of  synchronous 
modes  of  solid  frequency  multiplicity  in  correspond¬ 
ing  synchronization  zone  (“Arnold  tongue”).  Despite 
of  the  attraction  of  such  systems  (possibility  to  realize 
the  large  number  of  synchronization  zones)  they  have 
a  considerable  disadvantage.  Before  the  consideration 
of  mappings  (6)  and  (7)  dynamics  in  corresponding 


Fig.  6.  Lamerej-Kenigs  diagramm  for  the  case 
K  =  \B  =  0,5. 


0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1 
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a) 


K 

b) 


Fig.  7.  Dynamical  modes  map  in  the  case  of  VCO 
period  control  (a)  and  oscillation  frequency 
control. 

physical  synchronization  zones  it  is  necessary  to  in¬ 
vestigate  the  influence  of  input  signal  form  on  the 
map  of  synchronous  modes.  We  take  periodical  oscil¬ 
lations  constructed  from  AF  as  reference  pilot.  This 
can  be  explained  (will  be  shown  later)  by  the  fact  that 
synchronization  zone  modes  of  PLL  with  samples  of 
fractional  rate  expand  in  the  case  of  utilization  of  os¬ 
cillations  constructed  from  shifts  of  AF. 

4.  The  theory  of  AF  and  Methods 
of  Formation  of  the  Periodic 
Signals  Constructed  Based  on  AF 

4. 1 .  Operational  Method  of  Decision 
of  FDE  of  the  Special  Kind 

According  to  [9-12]  the  AF  are  FDE  decision  of  a 
following  kind: 

n  /  \  M 

E a/  (*)  =  E \y  {ax  -  \ )  ’  (8) 

i= 1  k= 1 
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where  |a|>l,  (x}  =  dly(x}> / dxl  and 

y{0)(x)  =  y{x).  If  \  =  0(&  =  then  (8) 

passes  in  the  ordinary  differential  equation.  From  shifts 
of  the  finite  decisions  of  the  equation  (8)  a  homogene¬ 
ous  problem  (without  the  right  part).  We  consider  an 
operational  method  of  the  decision  of  the  equation  (15). 

Let  djdx  =  p  .  Then  action  of  the  operator  p  on  func¬ 
tion  y(x}  is  equivalent  to  its  differentiation 
py  =  dy  [x}  /  dx ,  and  n  th  derivative  on  x  from 
the  function  y(x}  we  will  write  down  so: 
pny[x}  =  dny(x}  /  dx11 .  Expression  y(ax  —  bk}  in 
symbolical  form  looks  like  y  (ax  —  bk }  = 

-k 

y\a(x  —  [fyu/a])j  =  e  a,Py(K^.  We  will  write  down 
FDE  (8)  in  an  operational  form  as  follows: 

n  r  M  ——v  r  i 

I] V/  : v (*)  =J2bke  a  : y H  •  (9) 

1=0  k= 1 

Here  [?/(^)]  denote  the  action  of  the  operator  A^p} 
on  function  y  [x} .  Rewrite  expression  (9)  in  the  kind 
connecting  y  (x}  and  compressed  function  y  (ax} 

y(x )  =  K  (p)[^(ax)],  (10) 


M  -—p  n 

where  K  ( p }  =  .pj  .  Let's  assume 

k= 1  ;=() 

that  function  y  [x}  is  finite.  Will  define  its  analytical 

representation  by  action  of  the  operator  K  (p}  infinite 
number  of  times  on  S  -function.  Then 


y  x 


OO  ~ 

n*4K 


(id 


The  operational  method  presented  above  allows  to 
receive  analytical  FDE  decisions  of  type  (8)  with  va¬ 
riable  coefficients  if  a.  =  a.  ( x }  .  Expression  (11)  can 

be  interpreted  as  follows:  finite  AF  y(x}  is  reaction 


of  the  filter  with  transfer  function  ]^[iF 


on  6  - 


function,  i.e.  is  the  pulse  characteristic  of  this  filter. 
Therefore  for  formation  of  the  AF  y(x}  is  necessary 
to  construction  of  the  filter  with  transfer  function 


IK 


It  consists  of  cascade  connection  of  iner- 


tional  circuit  1  /  a 

•  Z _ J  n—j 

j=  0 


1, 2, . . .  and  delay 


M 

lines  Y2/bke  °  =  1,2,... .  Will  consider  the  other 

k= l 


method  of  realization  of  the  filter  with  operational 

p_ 

i= o  (a1 


factor  of  transfer  S  (p)  M  ]^[  K 


.  As  it  is  known 


[10,15]  for  finding  of  the  frequency  characteristic 
(FC)  £  (jcj}  of  the  filter  with  operational  factor  of 

transfer  S  (p} ,  it  is  necessary  to  put  p  =  ju; .  After 

the  such  replacement  and  receiving  S  [ju?J ,  it  is  poss¬ 
ible  to  apply  standard  methods  of  filters  synthesis  on 
given  FC,  following  Batterword  or  Chebyshev.  The 

function  y  received  from  decision  of  FDE  (8)  is 

finite.  Therefore  an  important  point  is  consideration  of 
a  method  of  formation  of  the  periodic  signals  made  of 
its  shifts.  For  the  first  time  such  problem  has  been  put 
and  solved  in  [12]  for  AF.  Will  consider  the  formation 
of  the  periodic  signals  constructed  from  AF. 


4.2.  The  periodic  Signals  Constructed 
BASED  ON  AF 

The  orthogonal  periodic  even  system  of  functions  has 
been  named  [12]  Kup  (xj  and  odd  one  Kup(x).  Will 

consider  a  technique  of  construction  of  these  func¬ 
tions.  So  AF  is  finite  decision  of  FDE  of  a  kind 

up'  (x}  =  2-  ^ up  (2x  +  1 }  —  up  (2x  —  l)  j .  (12) 
Operator  S  ( p }  of  FDE  (8)  is  written  down  so 


ship/ 2* 


<13) 

For  obtain  the  FC  of  the  filter  with  the  pulse  cha¬ 
racteristic  up(x}  it  is  enough  to  put  in  (13)  p  =  juj  . 

sin^o;  /  2%  j 


From  (13)  will  receive 

.  shijuj  /  2 


-M=n 


JW  2! 


n 


a;  /  2* 


•  (14) 


Thus,  the  evaluation  method  for  function  up[x}  is  its 

representation  in  the  form  of  return  Fourier  transform 
from  (14).  Even  and  odd  system  of  periodic  functions  on 

interval  [— T,  T]  will  write  down  as  follows: 

1.  For  the  even  functions  Kup(  0,  x)  =  l. 


Kup  (x)  =  up 


/  \ 

2 

2  (  \ 

2  /  { 

—  X 

—  up 

—  [x-Tj 

—  up 

—  [x  +  T 

T  \ 

mV  / 

J1  \  / 

\  / 

2.  For  the  odd  functions  Kup( 0,  x)  =  0 , 


Kupjx)  =  up 


'  2 

T 

'  2 

T 

— 

x - 

—  up 

— 

x  H - 

T 

l  2  J 

T 

i  2  J 
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Similar  procedure  of  obtaining  of  periodic  fluctua¬ 
tions  «sewing»  of  elementary  impulses  can  be  applied 
for  any  finite  decisions  of  FDE  (8).  For  example  for 

AF  fupn  (x)  being  decisions  of  following  FDE: 


n+2 

fuP'n(x)  =  r-^(c:+1-c^)x 


xfup 


which  are  defined  in  a  kind 
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Such  system  we  will  name  Kfupn  and  Kfup  n  (xj  by 
analogy  with  Kup  and  Kup  (x) .  Will  consider  as 
the  physical  map  of  dynamic  modes  of  PLL  with  samples 
at  use  of  periodic  signals  Kup  and  Kfup  will  change. 


4.3.  Influence  of  the  Form 

of  the  Input  Signal  on  the  Physical 
Map  of  Zones  of  Synchronous  Modes 
of  PLL  With  Samples 

The  important  feature  of  PLL  with  samples  is  that  the 
card  of  dynamic  modes  (zones  of  synchronous  and 
asynchronous  modes)  for  it  essentially  depends  on  the 
form  of  the  input  signal.  Will  copy  the  difference  equ¬ 
ation  (6)  taking  into  account  any  form  of  the  input 
signal.  Then 

xM  =xk +B-(K/27r)-Fh\-  (15) 

Here  F[x]  is  2tt  -periodic  function.  In  expression  (6) 

F[x)  =  sin  (2tt  •  x ) .  Will  investigate  as  the  form  of 

the  input  signal  (function  kind  in  (15))  influences  a 
physical  map  of  zones  of  synchronous  modes.  We  use 
following  functions: 

Fj  [x]  =  Kup  (2tt  •  x ) ,  (16) 

F2  [x]  =  Kfupz  (2tt  -  as) .  (17) 

Oscillograms  of  input  signals,  and  also  error  sig¬ 
nals  in  a  mode  of  doubling  of  the  frequency,  corres¬ 
ponding  to  functions  Fj 2[x]  are  resulted  on  Fig.  8. 

On  Fig.  9  physical  maps  of  zones  of  synchronous 
modes  («Arnold's  tongue»)  on  a  plane  of  operating 
parametres  for  input  signals  F12[x\  at  largely 

limits  at  K  <  4  are  presented.  From  fig.  9  it  is  possi¬ 
ble  to  make  a  conclusion  that  the  form  of  an  input 
signal  essentially  influences  kinds  of  zones  of  syn¬ 
chronous  and  asynchronous  zones  depending  on  oper¬ 
ating  parametres.  For  example  varying  the  form  of  an 
input  signal  it  is  possible  to  achieve  expansion  of  a 
working  range  in  a  necessary  interval  of  change  of  the 
basic  physical  parametres  that  is  observed  for  signals 
Kup  and  Kfup  .  At  if  >  1  the  difficult  physical  pic- 
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Fig.  8.  Various  forms  of  input  signals  usl2(t)j  (a)- 
(b)  corresponding  to  various  kinds  of  nonli¬ 
nearity  F12[x]  in  (15). 


Fig.  9.  Physical  maps  of  zones  of  synchronous  mod¬ 
es  for  various  forms  of  input  signals  (a)-(b). 

ture  of  overlapping  of  zones  of  synchronous  modes  at 
use  of  atomic  input  signals  unlike  the  signals  Fj  2  [x] . 
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Presence  of  overlapping  of  physical  zones  on  a  card  of 
operating  parametres  testifies  to  possibility  of  generat¬ 
ing  PLL  of  chaotic  fluctuations.  Thus,  PLL  with  sam¬ 
ples  at  use  of  signals  Kup  and  Kfup  also  it  is 
possible  to  use  as  the  generator  of  chaotic  fluctua¬ 
tions.  Let’s  pass  to  the  analysis  of  dynamic  processes 
in  synchronism  zones  at  the  approach  to  their  borders. 

5.  Influence  of  Non-Uniformity 
of  Sample  of  the  Input  Signal 
on  Structure  of  the  Spectrum 
of  Generated  Fluctuations 

Essential  feature  of  PLL  with  samples  is  non¬ 
uniformity  of  arrangement  of  samples  of  input  signal 
on  an  axis  of  time  in  synchronism  zones.  Will  disas¬ 
semble  more  in  detail,  in  what  physical  zones  this  phe¬ 
nomenon  and  in  what  it  results  is  shown.  There  is  a 
question:  whether  non-uniformity  of  sample  in  a  physi¬ 
cal  zone  with  frequency  rate  1 : 1  will  be  shown?  Earlier 
it  has  been  shown  that  after  transient  there  is  a  syn¬ 
chronisation  of  fluctuations  VCO  and  the  input  signal 
and  so  that  there  comes  a  lT-cycle  (for  one  period  of  a 
signal  1  sample)  and  in  this  case  (since  some  n ) 

x  =  x  =  x  n  =  x  .  It  turns  out  that  the  difference 
of  co-ordinates  Ax  =  x  —  x  equals  to  zero  or  that 

n+l  n  -1 

the  same  2i r.  Thus  there  is  an  exact  adjustment  for 
frequency  of  an  input  signal  (there  is  no  heterogeneity). 
Hence  heterogeneity  is  shown  only  in  physical  zones  of 
the  higher  (more  than  1)  frequency  rates. 

Let’s  consider  a  mode  of  doubling  of  frequency  when 
the  operating  conditions  are  chosen  in  a  physical  zone  of 
synchronism  of  frequency  rate  1/2.  Oscillograms  of  input 
signals  and  generated  fluctuations  of  PLL  with  samples 
at  the  approach  to  border  of  this  physical  zone  are  pre¬ 
sented  on  Fig.  10a.  In  process  of  advancement  to  border 
of  a  physical  zone  of  doubling  of  frequency  non¬ 
uniformity  of  arrangement  samples  an  input  signal  in¬ 
creases.  The  similar  situation  is  observed  and  for  physi¬ 
cal  zones  of  higher  frequency  rate.  For  example,  on  fig. 
06  the  behavior  of  input  and  target  signals  in  a  zone  of 
trebling  of  frequency  is  presented.  Here  it  is  visible  that 
three  intervals  Ij ,  T2  and  T3  essentially  differ  from  each 

other.  The  similar  situation  is  observed  and  in  physical 
zones  of  the  higher  frequency  rate. 

In  what  can  result  non-uniformity  of  sample  of  the  in¬ 
put  signal  in  physical  zones  of  synchronous  modes  of 
fractional  frequency  rate  of  frequency?  It  is  obvious  that 
in  this  case  the  spectrum  of  generated  fluctuations  will 
contain  parasitic  spectral  components  on  combinational 
frequencies.  Using  of  PLL  with  samples  in  a  synthesis 
mode  high  precision  fluctuations  inconveniently. 

6.  The  Spectral  Theory 

of  the  Analysis  of  Fluctuations 
of  PLL  with  Samples 

In  the  presence  of  a  mismatch  of  frequencies  of  synchro- 
nizable  fluctuations  the  spectrum  of  a  target  signal  will  be 


0 


b) 

Fig.  10.  An  input  signal  and  target  fluctuations  PLL 
with  samples  in  case  of  the  approach  to  bor¬ 
der  of  a  physical  zone  of  synchronism  of  1/2 
and  1/3. 

considerably  deformed  by  parasitic  components,  and  at 
enough  strong  mistuning  the  exit  from  a  synchronous 
mode  is  possible.  The  spectrum  of  pure  fluctuation  (with¬ 
out  parasitic  a  component)  looks  like 

S  (a;)  =  SQ  •  6  (w  —  (n j ujs  J ,  where  the  multipliers 

N  and  M  are  responsible  for  modes  of  multiplication 
and  frequency  division  accordingly.  That  is  there  is  one 
spectral  a  component  on  the  necessary  frequency,  multiple 
frequency  of  an  entrance  signal.  In  zones  of  any  frequency 
rate  target  signals  (harmonious)  are  periodic  with  the  pe¬ 
riod  Ts  =  2tt  /  ujs  .  Their  spectrum  is  discrete.  Decom¬ 
position  in  a  complex  Fourier  series  looks  like 

oo 

»*,+)=  E  4 

n=— oo 

where  K  =  ^  j*  s0UT  {t)e-jn^dt . 

-T 

By  consideration  of  a  zone  of  synchronism  of  fre¬ 
quency  rate  1.2  expression  for  the  module  cn  is  (on 
positive  frequencies)  calculated 
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Here,  q  =  Tx/Ts  =  ujs  /u1  .  At  q  =  0,5  all  parasitic 

spectral  components  are  nulled,  the  spectrum  is  pure 
and  represents  the  S  -function  located  on  frequency 

2cjs  .  Expression  (18)  for  a  zone  of  doubling  of  fre¬ 
quency,  or  similar  expressions  for  modes  of  division 
and  multiplication  of  frequencies  of  any  frequency 
rates  allow  to  estimate  quantitatively  admissible  level 
collateral  a  component  in  a  spectrum  of  target  signals 
of  PLL  with  samples. 

Conclusion 

It  is  shown  that  in  PLL  with  samples  synchronization 
of  fluctuations  in  physical  zones  of  fractional  frequen¬ 
cy  rate  of  frequency  («Amold's  tongue  »)  is  possible. 
Use  of  the  periodic  signals  made  from  AF,  essentially 
'’enriches”  a  physical  map  of  dynamic  modes  of  sys¬ 
tem,  leading  to  expansion  of  zones  of  synchronous 
modes  of  fractional  frequency  rate  of  frequency  and 
possibility  of  generating  of  chaotic  fluctuations.  One 
of  a  lack  which  has  been  found  out  at  research  of  dy¬ 
namic  processes  in  corresponding  physical  zones  of 
synchronous  modes,  was  non-uniformity  of  sample  of 
an  entrance  signal,  the  leader  to  pollution  of  a  spec¬ 
trum  of  target  fluctuations.  Elements  of  the  spectral 
theory  of  the  analysis  of  target  fluctuations  of  PLL 
with  samples  are  given. 

References 

1 .  “ Phase  Locked  Loops  with  Elements  of  Sampling ”, 
1989,  edited  by  V.V.  Shahgildyan,  Radio  and 
Communication,  Moscow. 


2.  Lindsey,  W.  1972,  Synchronization  Systems  in 
Communication  and  Control ,  Prentice-Hall,  Inc., 
Englewood  Cliffs,  New  Jersey. 

3.  Leonov,  G.A.,  Seledzhi,  S.M.  2002,  Synchroniza¬ 
tion  Systems  in  the  Analog  and  Digital  Circuitry , 
Nevsky  Dialect,  St.Perersburg. 

4.  Manassevich,  V.  1979,  Frequency  Synthesizers. 
Theory  and  Design ,  Communication,  Moscow. 

5.  Belov,  L.A.  2002,  Frequency  and  Signal  Synthe¬ 
sizers ,  Sains-Press,  Moscow. 

6.  Kapranov,  M.V.  2006,  Elements  of  the  Theory  of 
Phase  Locked  Loops ,  MPEI  Publ.,  Moscow. 

7.  Kapranov,  M.V.,  Tomashevsky,  A.I.  2009,  Regu¬ 
lar  and  Chaotic  Dynamics  of  Nonlinear  Systems , 
MPEI  Publ.,  Moscow. 

8.  Kapranov,  M.V.,  Safin,  A.R.  2009,  ‘Oscillation 
spectrums  in  discrete  synchronization  system  with 
nonuniform  Sample’,  Success  in  Modern  Radio 
electronics ,  9,  18-41. 

9.  Kravchenko,  V.F.  2003,  Lectures  on  the  Theory  of 
Atomic  Functions  and  Their  Some  Applications , 
Publishing  House  Radio  Engineering,  Moscow. 

10.  Kravchenko,  V.F.,  Perez-Meana,  H.M.,  and  Po¬ 
nomaryov,  V.I.  2009,  Adaptive  Digital  Processing 
of  Multidimentional  Signals  with  Applications , 
Fizmatlit,  Moscow. 

11. Zelkin,  E.G.,  Kravchenko,  V.F.,  Gusevsky,  V.I. 
2005,  Constructive  Methods  of  Approximation  in 
Theory  of  Antennas,  Science-Press,  Moscow. 

12.  Kravchenko,  V.F.,  Safin,  A.R.  2009,  ‘Generalized 
Kravchenko-Fourier  transforms  based  on  family  of 
atomic  functions’,  Proc.  11th  Inti.  Conf.  Digital 
Signal  Processing,  Moscow,  135-170. 


Ultrawideband  and  Ultrashort  Impulse  Signals,  6-10  September,  2010,  Sevastopol,  Ukraine 


29 


Ultrawideband  and  Ultrashort  Impulse  Signals,  6-10  September,  2010,  Sevastopol,  Ukraine 


pp.  30-33 


THE  LIGHTNING  RETURN-STROKE  INITIATION 
POINT  AS  AN  ULTRA-WIDEBAND  SOURCE 

Gardner  R.  L. 

Consultant,  Alexandria,  VA 
E-mail :  Robert.L .  Gardner@  verizon.  net 


Abstract 

Understanding  the  early  growth  of  the  lightning  discharge  is  important  because 
that  part  of  the  discharge  evolution  establishes  the  high-frequency  transmissions  from 
lightning.  In  this  paper,  we  extend  the  work  from  ICEAA  2009  on  quantitatively  de¬ 
scribing  the  radial  charges,  fields  and  currents  from  the  relaxing  environment  be¬ 
tween  leader  and  return  stroke  events.  The  purpose  of  this  work  is  to  establish  the 
initial  conditions  to  be  used  later  in  detailed  modeling  of  the  return  stroke  initiation. 
The  ICEAA  2009  work  used  a  constant  conductivity  assumption.  This  paper  will  ex¬ 
tend  that  work  by  describing  the  role  of  nonlinear  conductivity,  including  a  3 -species 
model,  in  the  charge  relaxation  process.  Finally,  these  currents  are  used  in  a  simple 
field  model. 

Keywords:  Lightning,  Initiation,  ultra-wideband. 


1.  Introduction 

The  beginning  of  the  lightning  return  stroke  is  a  very 
important  time  for  understanding  the  generation  of 
radio-frequency  waves  from  lightning  since  most  of 
the  high-frequency  content  is  from  that  time.  In  [1] 
and  this  paper,  we  examine  the  relaxation  of  the 
charge  deposited  from  the  leader  processes  before  the 
return  stroke.  The  purpose  of  these  calculations  is  to 
find  the  initials  conditions  with  which  to  begin  calcu¬ 
lation  of  the  return- stroke  current  waveform.  The 
process  is  as  shown  in  Fig.  1  [2].  The  open  cylinders 
in  Fig.  1  represent  the  region  of  calculation. 

In  [2],  we  examined  this  same  problem  with  a  sim¬ 
ple  constant  gas  conductivity  model.  Since  the  plasma 
here  is  rapidly  evolving  with  the  charge  species  and 
charge  densities  changing  a  nonlinear  time- dependent 
model  is  more  accurate,  if  less  stable. 

In  this  paper,  we  estimate  the  radial  growth  of  the 
channel  by  modeling  it  as  a  spreading  uniform  cylind¬ 
er.  Initially,  there  is  a  cylinder  of  charge  about  a  meter 


V 


Fig.  1.  Schematic  of  Return  Stroke  Initiation. 


in  diameter.  One  meter  is  about  as  small  as  the  cylind¬ 
er  can  be  without  a  substantial  current  flowing.  There 
is  a  continuing  current  of  a  few  amps  that  flows 
throughout  parts  of  this  process  and  is  used  to  deter¬ 
mine  an  inner  boundary  condition.  We  then  solve  a 
series  of  rate  equations,  the  continuity  equation  and 
Poisson’s  equation  to  show  the  relaxation  of  this  part 
of  the  channel. 

In  short,  we  begin  with  an  analytical  model  of  the 
charge  distribution  from  a  cylinder  of  charge  assum¬ 
ing  that  the  leader  processes  have  lowered  negative 
charge  into  the  channel  and  it  remains  there  for  a  few 
milliseconds  pending  the  beginning  of  the  return 
stroke.  We  then  allow  the  ions  to  move  at  a  constant 
drift  velocity.  Finally,  we  consider  the  contribution  to 
the  changes  in  charge  density  from  the  3 -species  rate 
equations  describing  ionized  air. 

2.  Lightning  Return  Stroke 

A  negative  cloud-to-ground  return  stroke  begins  with 
the  stepped  leader  [3].  The  stepped  leader  lowers 
charge  to  ground  in  short  bright  steps.  Each  step  is  a 
few  10  s  of  meters  long.  For  a  3  km  return  stroke  this 
process  takes  about  20  ms  to  complete.  After  the 
stepped  leader  reaches  a  point  about  10  m  above  the 
ground  surface  there  is  a  joining  of  upward  and 
downward  traveling  leaders  that  begins  the  return 
stroke  [2].  The  return  stroke  takes  about  70  ps  then 
there  is  a  rest  of  about  40  ms  before  the  dart  leader 
begins.  The  dart  leader  takes  about  2  ms  to  lower 
about  1  C  into  the  3  km  channel.  The  second  return 
stroke  begins  and  takes  about  60  jlis.  These  numbers 
are  only  meant  to  support  a  rough  order  of  magnitude- 
type  calculation. 
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Ref.  [3]  has  provided  estimates  of  the  general  pa¬ 
rameters  of  the  lightning  return  stroke  process.  From 
these,  we  can  derive  that  the  stepped  leader  lowers 
about  3  C/km  of  charge  into  a  possibly  10  km  long 
channel.  The  dart  leader  is  somewhat  less  energetic 
and  lowers  about  .3  C/km  into  the  channel.  Assuming 
uniform  distribution  along  the  channel  allows  easier 
estimates  although  the  charge  actually  appears  in 
complex  clumps.  If  we  examine  a  cross  section  of  the 
channel,  we  find  that  the  fields  in  the  first  meter  are 
above  breakdown  and  the  self-fields  of  the  electron 
distribution  spread  the  electrons  out  through  the  vo¬ 
lume  very  quickly.  After  about  1  m,  the  fields  are  be¬ 
low  1  MV/m  and  the  electrons  start  to  attach  [4].  This 
attachment  is  fast  compared  to  the  ion  drift  velocity. 
The  ion  drift  velocity  is  much  lower  than  the  electron 
drift  velocity  [4]  so  the  growth  of  the  channel  is 
slowed  substantially. 


3.  Content 


If  we  assume  that  the  channel  is  uniformly  filled  with 
charge  and  concentrate  on  the  parameters  of  the  dart 
leader  described  above,  we  have  a  line  charge  of 
about  0.3  mC/m.  The  fields  from  this  line  source  are 
simply  calculated  from  equation  (1). 


E  = 


X 

2i T£Qr  ’ 


(i) 


where  A  is  the  charge  per  unit  length  and  r  is  the 
radius  to  the  observations  point. 

If  we  consider  the  charged  region  of  the  leader  as  a 
cylinder  of  charge  whose  outer  radius  is  limited  by  a 
constant  ion  drift  velocity  then  the  fields  are  given  by 
Equation  (2)  inside  the  channel  and  Eqn  (1)  outside, 


E  = 


X  r 

27 T£qR2 


(2) 


where  R  is  the  outer  radius  of  the  cylinder  and  R  is 
limited  by  the  mobility  of  the  ions  or 


R  =  ji. Et .  (3) 


Eqns  2  and  3  form  a  transcendental  equation  for  E 
that  can  be  solved  analytically  to  give 


E 


t2/3tf/3EE> ' 


(4) 


If  we  apply  the  conditions  of  the  dart  leader  to  the 
model,  we  can  find  the  distribution  of  the  electric  field 
in  the  system  and  that  calculation  is  shown  in  Fig.  2. 

A  dart  leader  takes  about  2  ms  to  develop  allowing 
parts  of  the  channel  to  expand  over  that  time.  Since 
much  of  the  evolution  is  above  the  breakdown  limit 
then  the  model  is  conservative  in  the  predicting  the 
spread  of  the  channel.  The  channel  radius  is  above 
1  m  so  there  is  significant  spreading  of  the  charge. 
Equation  4  is  our  analytical  model  of  the  spreading. 


Fig.  2.  Evolution  of  expanding  channel. 


4.  Numerical  Model 


Now,  we  add  the  motion  of  the  ions  directly  to  the 
calculation,  but  first  we  must  determine  the  fields 
from  the  charges. 

V«£  =  p  /  £0  (5) 

where  p  is  the  total  charge  density.  Equation  (1)  is  a 

simple  solution  of  (5),  but  (5)  allows  us  to  calculate 
the  fields  for  more  complex  charge  distributions.  The 
equation  of  continuity  allows  the  charge  to  update  in 
response  to  the  fields. 


vJ  =  - 


dp 

dt 


(6) 


where 


J  =  fi.pE  =  ii.n.eE 


(7) 


and  p  is  the  charge  density,  n  is  the  ion  number 

density  and  e  is  the  electron  charge.  Equations  (6) 
and  (7)  may  be  solved  iteratively  to  calculate  the  re¬ 
laxation  of  the  charge  column  as  function  of  time. 

The  charge  density  at  a  particular  location  changes 
as  charge  moves  in  and  out  of  the  region  through  equ¬ 
ation  (7)  and  there  is  a  change  due  to  the  local  air 
chemistry.  In  this  work,  we  use  the  simple  3 -species 
model  common  to  EMP  calculations  [5].  The  three 
charge  densities  that  are  important  to  this  problem  are: 

the  electron  density  ( Ne ),  positive  ion  density  (N_) 

and  the  positive  ion  density  (N  ).  The  rate  of  produc¬ 
tion  of  these  three  species  can  be  estimated  by  the 
three  rate  equations  of  equations  (8). 

dN 

- e_  =  g_kN  —  k  N  N  , 

dt  1  e  2  e  + 

dN 

_ ±.  =  n  -h  N  -k  N  N 

at  9  2  e 

dN 

- —  =  kN  -  k,N  N  .  (8) 

dt  i  3  -  + 
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In  the  region  of  field  levels  above  3  MV/m,  ava¬ 
lanche,  g ,  rapidly  ionizes  atoms  and  increases  posi¬ 
tive  ion  and  electron  densitie.  The  population  of  free 
electrons  is  reduced  by  attachment  (kl)  and  dissocia¬ 
tive  recombination  (k2)  [3].  Attachment  occurs  on  a 
10"8s  time  scale  so  is  very  quick  compared  to  the  other 
processes.  Avalanche  is  a  major  source  of  electrons  at 
high  (>  3  MV/m)  field  strengths  and  occurs  on  an 
even  faster  time  scale.  Therefore,  most  of  the  charge 
carriers  are  singly  charged  ions  of  02  and  N2  mole¬ 
cules  as  assumed  in  the  analytic  model. 

The  ions  move  in  a  background  plasma  and  so  are 
slowed  substantially  to  what  is  known  as  the  drift  ve¬ 
locity.  The  drift  velocities  of  ions  ( fi. )  and  of  elec¬ 
trons  ( fi  )  are  given  by  equation  (2) 

li.  =  2.5  x  10“4 , 


Equations  (9)  show  that  the  electrons  move  much 
faster  in  a  given  field  than  the  ions.  From  that  we  can 
expect  the  electrons  to  quickly  fill  a  channel  out  to 
about  3  MV/m  and  then  attach  quickly  to  molecules. 

For  the  cylindrical  case  of  the  analytical  model  the 
fields  relax  as  is  shown  in  Fig.  3.  For  the  same  prob¬ 
lem,  the  charge  density  relaxes  as  in  Fig.  4.  The  initial 
charge  column  with  one-meter  radius  is  shown  in  red 
with  subsequent  relaxation  shown,  as  well.  While 
Figs.  2  and  3  only  represent  the  constant  drift  velocity 
case,  the  3 -species  air  chemistry  adds  to  little  to  this 
problem  since  the  fields  never  exceed  3  MV/m  and 
the  equations  become  those  shown.  Other  sets  of  ini¬ 
tial  conditions  will  be  shown  in  the  oral  presentation. 

5.  Return  Stroke  Initiation 

The  purpose  of  this  calculation  is  to  set  up  the  initial 
conditions  for  use  in  a  detailed  calculation  of  the  initi¬ 
ation.  Originally  the  basis  of  the  model  was  to  be  a 
nuclear  lighting-like  model  [6]  to  get  the  high- 
frequency  components  of  the  return-stroke  fields  cor¬ 
rect  [7].  This  model  uses  an  outer  boundary  that  speci¬ 
fies  the  current  passing  through  the  channel  at  the 
breakdown  radius.  The  model  tracks  the  various  popu- 


Fig.  4.  Relaxation  of  the  Charge  Density. 

lations  of  charged  species,  the  electric  field,  and  heat¬ 
ing.  The  propagation  velocity  of  the  tip  is  only 
105  m/s,  however,  much  lower  than  the  observed  ve¬ 
locity  of  the  return  stroke  near  the  initiation  point.  The 
electromagnetic  shock  model  of  [8]  provides  some 
guidance  for  us  in  how  to  set  up  the  propagation  of 
the  early  return  stroke  and  does  give  the  correct  veloc¬ 
ity  of  propagation  of  near  that  of  light.  If  we  continue 
the  thought  process  of  the  initiation  model  above  with 
most  of  the  net  charge  residing  on  ions,  we  can  get  to 
a  physical  model  that  also  propagates  near  c.  The  ions 
will  repel  each  other  with  the  fields  from  the  like 
charges.  The  bulk  of  the  charge  away  from  the  center 
will  also  reside  on  ions  that  have  limited  mobility  as 
described  above.  We  treat  the  two  regions  separately 
even  though  they  blend  continuously. 

When  the  leader  channel  reaches  the  upward  propa¬ 
gating  leader  and  communicates  the  ground  potential  to 
the  high  voltage  of  the  channel  the  return  stroke  begins. 
When  the  first  ion  see  the  large  field  the  ion  will  be 
stripped  of  its  electron  very  quickly.  Consider  the  first 
electron  that  sees  the  ground.  That  electron  will  begin 
moving  toward  the  ground  potential  with  the  fields 
from  the  other  ions  and  electrons  pushing  it  away.  That 
movement  affects  the  other  electrons  through  the 
charged  species,  thus  beginning  a  wave  up  the  center  of 
the  channel  at  a  propagation  speed  near  that  of  light.  As 
the  potential  propagates  up  the  channel  it  leaves  a  “lack 
of  electrons”  near  the  center  of  the  channel  raising  the 
field  levels  near  the  center  of  the  channel.  As  those 
field  levels  become  near  the  breakdown  levels  ioniza¬ 
tion  begins  freeing  more  mobile  electrons  from  the 
surrounding  ions  and  feeding  the  channel  with  addi¬ 
tional  current  from  the  surrounding  cylindrical  region 
collapsing  in  on  the  central  channel  current.  This  phe¬ 
nomenon  approximates  that  of  the  electromagnetic 
shock  of  [8]  but  forms  the  basis  of  a  model  that  will 
describe  the  currents  as  a  function  of  position  and  time 
and  can  form  a  basis  for  the  field  calculation. 

6.  Fields 

The  fields  from  the  currents  above  can  be  derived 
from  a  Green’s  function  integration.  In  this  case,  we 
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will  use  a  vertical  electric  dipole  approximation  of  the 
fields.  A  more  complex  model  [9]  that  includes  the 
channel  extent,  horizontal  fields  and  a  simple  ionos¬ 
phere  will  be  presented  in  the  conference. 

This  field  calculation  begins  with  defining  the 
Sommerfeld  numerical  distance,  p,  using  the  range 

r  ,  the  free  space  wave  number  kQ  and  the  ground  and 

air  impedances  rjl  and  . 


Hi 

V0 


(10) 


This  definition  allows  the  attenuation  function  F(p)  to 
be  written 

F(p)  =  1  —  iiirpY2  e~p erf c{ip^2)  (11) 

And  finally  the  vertical  electric  field  is 

E  =  e~ikpF(p)  (12) 

27 Tp 

where  u  /  2tt  is  the  frequency  and  I{uS)ds  is  the  di¬ 
pole  moment. 


7.  Conclusions 

We  have  presented  both  analytical  and  numerical 
models  for  the  relaxation  of  the  charges  in  the  channel 
left  by  the  leader  processes  prior  to  the  initiation  of 
the  return  stoke.  These  calculations  provide  a  set  of 
initial  conditions  for  a  return  stroke  initiation  model. 
Such  a  model  must  have  a  propagation  velocity  con¬ 
sistent  with  observation,  that  is,  about  that  of  light. 
Models  that  exclusively  depend  on  the  drift  of  charges 


in  a  plasma  will  not  be  adequate  since  they  do  not 
move  at  the  high  observed  velocity.  Finally,  we  have 
considered  the  broadband  nature  of  the  lightning 
fields  at  a  distance. 
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Abstract 

The  experimental  data  obtained  since  2000  concerning  cellular  and  molecular  ef¬ 
fects  evoked  in  biological  systems  by  exposure  to  ultrawideband  ultrashort  pulsed 
radiation  and  microwave  radiation  are  discussed.  The  most  significant  cellular  effects 
of  electromagnetic  fields  exposure,  such  as:  apoptosis,  cell  proliferation,  genotoxic 
effects,  and  some  underlining  molecular  processes  are  considered.  Conclusion:  the 
cell  reaction  to  ultrawideband  ultrashort  pulsed  radiation  and  microwave  radiation  is 
a  multicomponent  process  that  consists  of  specific  and  non-specific  stress  reactions 
and  investigation  of  these  reactions  is  essential  in  connection  with  the  growing  im¬ 
portance  of  electromagnetic  factors  as  environmental  components  and  their  applica¬ 
tions  in  medicine. 

Keywords:  Electromagnetic  field,  apoptosis,  proliferation,  genotoxic  effect, 

micronuclei,  DNA  tbreaks,  chromatin,  heterochromatin,  stress  factors. 


1.  Introduction 

The  interest  to  the  problems  of  reaction  of  biological 
systems  -  organisms  and  cells  to  electromagnetic  rad¬ 
iation  was  growing  in  parallel  with  development  of 
application  of  electromagnetic  fields  (EMF)  in  tech¬ 
nique.  At  this  time,  in  1930-th  appear  works  in  which 
the  biophysical  mechanisms  of  biological  action  of 
EMF  [1].  In  the  Kharkiv  University  the  investigations 
of  biological  effects  of  microwaves  began  in  1970-th 
[2,  3].  Now  the  biological  effects  of  ultrawideband  an 
ultrashort  pulsed  radiation  and  microvawes  are  inves¬ 
tigated  at  the  Kharkov  University  at  organism  and 
cellular  level  [4-6].  In  our  other  work  presented  at  this 
symposium  the  recent  data  obtained  on  this  theme  at 
the  Kharkiv  University  are  analyzed  in  more  details. 
In  our  opinion,  the  biological  sense  of  molecular 
events  that  are  induced  by  EMF  in  living  organisms 
became  clear  at  the  level  of  living  cell.  The  processes 
of  apoptosis  (programmed  cell  death),  cell  prolifera¬ 
tion  (cell  propagation  and  cell  populations  renewal), 
and  genotoxic  effects  (chromosome  aberrations,  mi¬ 
cronuclei,  DNA  single  strand  and  double  strand 
brakes)  are  the  biological  ‘outcome’  of  EMF  expo¬ 
sure.  The  approach  developed  in  Kharkiv  National 
University  is  the  study  of  chromatin  microscopic 
structure  (namely,  euchromatin  -  heterochromatin 
transitions)  in  EMF-treated  cells.  The  purpose  of  this 
work  was  to  discuss  some  of  the  most  significant,  in 
our  opinion,  experimental  data  obtained  since  2000  in 
the  area  of  investigation  of  cellular  biological  effects 


of  ultrawideband  ultrashort  pulsed  radiation  and  mi¬ 
crowave  radiation. 

2.  Cellular  Effects  of 

Ultrawideband  Ultrashort  Pulsed 
Radiation  and  Microwave 
Radiation 

2.1.  Apoptosis 

The  problem  of  apoptosis  and  necrosis  in  cells  exposed 
to  microwaves  and  other  EMFs  in  general  attracts  a  con¬ 
siderable  attention  in  relation  with  different  medical 
problems  such  as  cataract,  and  the  role  of  microwaves  in 
its  induction,  and  the  problems  of  anti-cancer  therapy, 
where  induction  of  apoptosis  is  a  positive  result.  In  de¬ 
pendence  on  cell  type,  wavelength,  surface  density  of 
power,  and  regime  of  cell  expose,  the  data  obtained  in 
different  laboratories  differ  cardinally.  The  microwave- 
induced  apoptosis  is  shown  in  the  works  of  research 
group  from  the  Zhejiang  University  (China).  In  the  work 
[7]  rabbits  were  exposed  to  microwave  radiation  (fre¬ 
quency  of  2450  MHz)  with  a  power  density  of 
5  mW/cm2  or  10  mW/cm2.  One  eye  of  each  rabbit  was 
exposed  to  microwaves  for  3  hours,  while  the  contrala¬ 
teral  eye  served  as  a  control,  after  exposure  rabbits  were 
slathered  and  the  eye  lens  epithelial  cells  were  obtained. 
To  assess  the  degree  of  apoptosis  cells  were  stained  with 
standard  method  (annexin  V  +  propidium  iodie)  and 
analyzed  by  the  method  of  double  staining  flow  cytome¬ 
try.  In  a  group  of  rabbits  exposed  to  microwaves  of 
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5  mW/cm2  power  density  the  percentage  of  early  apop- 
totic  and  necrotic  cells  significantly  increased  [7]. 

In  the  experimental  research  done  in  Lund  University 
Hospital  (Sweden)  laboratory  female  Fischer  344  rats 
were  exposed  to  microwaves  (frequency  915  MHz)  power 
densities  of  0,24.  2,4,  and  24  W/m2,  during  2  hours  and 
slathered  50  days  after  microwave  exposure.  It  was 
shown  that  in  the  brain  of  exposed  animals  occur  dam¬ 
aged  cells,  named  ‘dark  neurons’,  which  were  darkly 
stained  with  cresyl  violet  and  often  shrunken  and  charac¬ 
terized  by  loss  of  discernible  internal  cell  structures.  Au¬ 
thors  do  not  exclude  that  the  neuronal  change  described 
may  represent  apoptotic  cell  death  [8]. 

Experiments  in  cultured  neurons  also  indicate 
apoptosis  induction  under  the  influence  of  micro- 
waves  [9].  Rat  primary  neuronal  cultures  were  ex¬ 
posed  to  a  900  MHz  EMF  with  a  specific  absorption 
rate  (SAR)  of  2  W/kg  for  24  h.  Apoptosis  was  as¬ 
sessed  by  staining  of  nuclei  with  4’,6-diamino-2- 
phenylindole  (DAPI)  and  fragmentation  of  DNA  was 
assessed  with  TdT-mediated  dUTP  nick-end  labeling 
(TUNEL)  analyzed  by  flow  cytometry.  A  statistically 
significant  difference  in  the  rate  of  apoptosis  was 
found  in  the  RF-field-exposed  neurons.  No  increase  in 
the  caspase  3  activity  was  found,  therefore  the  expo¬ 
sure  of  primary  rat  neurons  to  microwave  fields  may 
induce  a  caspase-independent  pathway  to  apoptosis 
[9].  But  at  the  less  power  density  (0,25  W/kg)  by  the 
same  research  group  in  the  same  experimental  model 
no  apoptosis  was  observed  [10]. 

In  experiments  of  science  group  from  Mitsubishi 
Chemical  Safety  Institute  (Japan)  [11]  human  glioblas¬ 
toma  A172  cells  were  exposed  to  2.1425  GHz  W- 
CDMA  radiation  at  SARs  of  80,  250,  and  800  mW/kg, 
and  continuous  wave  radiation  at  80  mW/kg  for  24  or 
48  h.  Human  IMR-90  fibroblasts  from  fetal  lungs  were 
exposed  to  both  modulated  by  code  division  multiple 
access  (CDMA)  and  continuous  wave  (CW)  radiation 
at  a  SAR  of  80  mW/kg  for  28  h.  No  significant  differ¬ 
ences  in  expression  levels  of  phosphorylated  p53  at 
serine  15  or  total  p53  were  observed  between  the  test 
groups  and  the  negative  controls  Microarray  hybridiza¬ 
tion  and  real-time  RT-PCR  analysis  showed  no  notice¬ 
able  differences  in  gene  expression  of  the  subsequent 
downstream  targets  of  p53  signaling  involved  in  apop¬ 
tosis  between  the  test  groups  and  the  negative  controls. 
The  Annexin  V  affinity  assay  revealed  no  significant 
differences  in  the  percentage  of  apoptotic  cells  between 
the  test  groups  of  cells  exposed  to  radio  frequency  (RF) 
signals  and  the  sham-exposed  negative  controls.  The 
data  obtained  confirm  that  exposure  to  low-level  RF 
signals  up  to  800  mW/kg  does  not  induce  p53- 
dependent  apoptosis,  DNA  damage,  or  other  stress  re¬ 
sponse  in  human  cells  [11]. 

EMF  exposure  at  frequency  1.71  GHz  (SAR  value 
of  1.5  W/kg,  exposure  time  6  h)  of  mouse  embryonic 
stem  cells  derived  neural  progenitor  cells  induced 
transiently  affects  the  transcript  level  of  genes  related 
to  apoptosis  (bcl-2,  bax),  and  cell  cycle  control 
(GADD45).  However,  these  responses  are  not  asso¬ 


ciated  with  detectable  changes  of  cell  physiology,  no 
effects  on  mitochondrial  function,  nuclear  apoptosis, 
cell  proliferation,  and  chromosomal  alterations  were 
observed  [12]. 

In  the  work  [13]  nonthermal  effects  of  both  a  900 
MHz  modulated  into  Global  System  for  Mobile  Com¬ 
munication  (GSM)  signal  and  a  900  MHz  CW  RF  field 
at  low  SARs  (70-76  mW/kg  average)  on  human  peri¬ 
pheral  blood  mononuclear  cells  (PBMCs)  in  vitro.  The 
cycle  phases,  mitochondrial  membrane  potential,  and 
susceptibility  to  apoptosis  were  found  to  be  unaffected 
by  the  RF  field.  When  cells  were  exposed  to  a  CW  RF 
field,  no  significant  modifications  were  observed  in 
comparison  with  sham-exposed  cells. 

Thus,  as  one  can  see,  the  question  about  possibility 
apoptosis  induction  by  microwaves  remains  still  un¬ 
answered  but  the  existing  experimental  data  indicating 
this  possibility  makes  necessary  further  studies  in  this 
area  which  will  determine  the  minimal  power  density 
of  EMF  that  may  induce  apoptosis. 

2.2.  Cell  Proliferation 

The  problem  of  the  influence  of  EMF  on  cell  prolife¬ 
ration  may  have  medical  applications  in  anti-cancer 
therapy  and  is  connected  with  possible  carcinogenic 
effect  of  EMF  [14].  The  experimental  data  are  very 
different,  and  evidence  about  inhibition  of  prolifera¬ 
tion  and  non-existence  of  such  effect  are  numerous. 
As  is  done  in  the  previous  section,  we  begin  with  ar¬ 
guments  ‘pro’. 

In  the  work  [15]  proliferation  of  cultured  rabbit 
lens  epithelial  cells  (RLEC)  after  the  exposure  to  con¬ 
tinuous  microwave  radiation  at  a  frequency  of  2,450 
MHz  and  power  densities  of  0,10,  0,25,  0,50,  1,00, 
and  2,00  mW/cm2  for  8  h  was  studied.  Cell  morpho¬ 
logic  changes  were  observed  under  a  phase  contrast 
microscope.  Cell  viability  and  the  and  cell  cycle  anal¬ 
ysis  were  measured  using  flow  cytometry.  After  expo¬ 
sure  to  2.00  mW/cm2  microwave  radiation  for  4,  6, 
and  8  h,  the  expression  of  cell  cycle-regulatory  pro¬ 
teins,  P21WAF1  and  P27Kipl,  was  examined  using 
western  blot  analysis.  The  levels  of  P21WAF1  and 
P27Kipl  mRNA  were  analyzed  by  reverse  transcrip¬ 
tion-polymerase  chain  reaction  (RT-PCR).  After  8  h 
of  radiation  treatment,  cells  treated  with  0.50,  1.00, 
and  2.00  mW/cm2  microwave  radiation  decreased  cell 
viability,  increased  cell  condensation  and  an  inhibition 
of  DNA  synthesis.  RLEC  showed  significant  G0/G1 
arrest.  No  obvious  changes  could  be  detected  in  the 
0.10  and  0.25  mW/cm2  microwave  treatment  groups. 
Protein  expression  of  P27Kipl  was  markedly  in¬ 
creased  after  microwave  radiation.  However,  the 
mRNA  levels  were  unchanged.  On  the  other  hand, 
there  were  no  detectable  differences  in  P21WAF1 
protein  expression  and  mRNA  levels  between  micro- 
wave  treatment  and  control  groups.  These  effects  may 
account  for  the  decline  of  lens  epithelial  proliferation 
after  exposure  to  microwave  radiation  [15]. 

Microwave  exposure  may  not  only  affect  cell  proli¬ 
feration  but  can  induce  differentiation  of  cells.  In  the 
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work  [16]  is  shown  that  millimeter  range  EMF  treat¬ 
ment  (wavelength  range  7,5-10,0  mm)  for  30  and  60 
min  at  the  power  density  of  4  mW/cm2  successfully 
induced  mesenchymal  stem  cells  to  differentiate  as 
chondrocytes  and  the  extent  of  differentiation  in¬ 
creased  with  treatment  duration. 

However,  in  some  works  no  microwave-induced 
stimulation  of  proliferation  was  registered.  In  the  sec¬ 
tion  2.1  are  cited  works  [12,  13]  in  which  no  EMF  in¬ 
fluence  on  cell  proliferation  was  registered.  In  works 
[17,  18]  the  effects  of  microwave  radiation  on  cell  pro¬ 
liferation  also  was  not  detected.  Exposure  to  a  1950 
MHz  RF  field  (exposure  time  2  h,  SAR  was  1,  2,  and 
10  W/kg)  has  no  effect  on  cell  proliferation  and  ex¬ 
pression  of  Hsp  27  and  Hsp70,  it  may  inhibit  the  phos¬ 
phorylation  of  Hsp27  at  Serine  78  in  M054  cells  [17]. 

Exposure  to  electromagnetic  fields  with  GSM  fre¬ 
quency  900  MHz  (SAR  1  W/kg  and  maximum  dura¬ 
tion  144  h)  did  not  change  viability/proliferation  rate 
of  the  SN56  cholinergic  cells  or  viability  of  cortical 
neurons  [18]. 

Ultrawideband  pulsed  radiation  effectively  stimu¬ 
late  cell  proliferation  [19].  Electromagnetic  ultra- 
wideband  pulses  of  18  kV/m  field  intensity,  1  kHz 
repetition  rate  and  10  ns  pulse  width  (exposure  time 
of  0.25-3.0  h)  had  no  effect  on  CL-S1  cell  growth  or 
viability  during  the  subsequent  72-h  culture  period. 
However,  exposure  to  similar  nanopulses  for  pro¬ 
longed  periods  of  time  (4-6  h)  resulted  in  a  significant 
increase  in  cell  proliferation,  as  compared  to  untreated 
controls.  Additional  studies  showed  that  nanopulse 
exposure  enhanced  CL-S1  cell  growth  when  cells 
were  maintained  in  media  containing  only  epithelial 
growth  factor  (EGF)  in  concentration  1 0  ng/1,  but  had 
no  effect  on  cells  maintained  in  defined  media  that 
were  mitogen-free  or  containing  only  insulin.  Studies 
also  showed  that  the  growth-promoting  effects  of  na¬ 
nopulse  exposure  were  associated  with  a  relatively 
large  increase  in  intracellular  levels  of  phospho- 
MEK1  (active)  and  phospho-ERKl/2  (active)  in  these 
cells.  These  findings  demonstrate  that  prolonged  ex¬ 
posure  to  moderate  levels  of  UWB  enhanced  EGF- 
dependent  mitogenesis,  and  that  this  growth- 
promoting  effect  appears  to  be  mediated  by  enhanced 
activation  of  the  mitogen- activated  protein  kinase 
(MAPK)  signalling  pathway  in  pre-neoplastic  CL-S1 
mammary  epithelial  cells  [19]. 

Summing  up,  the  modem  state  of  scientific  litera¬ 
ture  does  not  enable  to  make  clear  decision  about  the 
action  of  microwave  radiation  on  cell  proliferation, 
whic  may  be  connected  with  difference  in  applied 
experimental  models,  but  probably,  cell  exposure  to 
microwaves  induces  inhibition  of  proliferation.  Expo¬ 
sure  to  ultrawideband  ultrashort  pulses,  on  the  con¬ 
trary,  induces  stimulation  of  cell  proliferation. 

2.3.  Micronuclei,  Comets,  and  Cell 
Nucleus  Structure 

The  problem  of  ability  of  EMF  to  induce  mutations 
disturbs  scientists  for  many  decades.  [14].  Here  are 


presented  review  of  some  relatively  new  data,  ap¬ 
peared  since  2000,  obtained  by  the  methods  of  micro¬ 
nuclei  and  comet  assay.  The  micronuclei  exist  in 
cytoplasm  in  the  period  between  cell  divisions  and  are 
formed  of  the  fragments  of  chromosomes  and  whole 
chromosomes,  which  are  not  able  to  participate  in  the 
normal  mitosis.  The  number  of  micronuclei  is  a  cha¬ 
racteristics  of  mutation  process.  Comet  assay  chan¬ 
tries  quantity  of  brakes  in  DNA  molecules  in  one  cell 
nucleus. 

Adult  male  Wistar  rats  were  exposed  for  2h  a  day,  7 
days  a  week  for  up  to  30  days  to  continuous  2450MHz 
radiofrequency  microwave  radiation  at  a  power  density 
of  5-10mW/cm2.  Sham-exposed  rats  were  used  as  con¬ 
trols.  Peripheral  blood  smears  were  examined  for  the 
extent  of  genotoxicity,  as  indicated  by  the  presence  of 
micronuclei  in  polychromatic  erythrocytes  (PCEs).  The 
incidence  of  micronuclei/ 1000  PCEs  in  peripheral 
blood  was  significantly  increased  (P<0.05)  in  the  sub¬ 
group  exposed  to  microwave  radiation  after  eight  irrad¬ 
iation  treatments  of  2h  each  in  comparison  with  the 
sham-exposed  control  group  [20]. 

In  the  work  [21]  evaluated  the  induction  of  DNA 
and  chromosomal  damage  in  human  blood  leukocytes 
and  lymphocytes,  respectively.  The  signals  were  voice 
modulated  837  MHz  produced  by  an  analog  signal 
generator  or  by  a  time  division  multiple  access 
(TDMA)  cellular  telephone,  837  MHz  generated  by  a 
code  division  multiple  access  (CDMA)  cellular  tele¬ 
phone  (not  voice  modulated),  and  voice  modulated 
1909.8  MHz  generated  by  a  global  system  of  mobile 
communication  (GSM)-type  personal  communication 
systems  (PCS)  cellular  telephone.  DNA  damage 
(strand  breaks/alkali  labile  sites)  was  assessed  in  leu¬ 
kocytes  using  the  alkaline  (pH>13)  single  cell  gel 
electrophoresis  (SCG)  assay.  Chromosomal  damage 
was  evaluated  in  lymphocytes  mitogenically  stimu¬ 
lated  to  divide  postexposure  using  the  cytochalasin  B- 
binucleate  cell  micronucleus  assay.  Cells  were  ex¬ 
posed  at  37+/-1  degrees  C,  for  3  or  24  h  at  average 
specific  absorption  rates  (SARs)  of  1.0-10.0  W/kg. 
Exposure  for  either  3  or  24  h  did  not  induce  a  signifi¬ 
cant  increase  in  DNA  damage  in  leukocytes,  nor  did 
exposure  for  3  h  induce  a  significant  increase  in  mi- 
cronucleated  cells  among  lymphocytes.  However, 
exposure  to  each  of  the  four  RF  signal  technologies 
for  24  h  at  an  average  SAR  of  5.0  or  10.0  W/kg  re¬ 
sulted  in  a  significant  and  reproducible  increase  in  the 
frequency  of  micronucleated  lymphocytes.  The  mag¬ 
nitude  of  the  response  (approximately  four  fold)  was 
independent  of  the  technology,  the  presence  or  ab¬ 
sence  of  voice  modulation,  and  the  frequency  (837  vs. 
1909.8  MHz).  This  research  demonstrates  that,  under 
extended  exposure  conditions,  RF  signals  at  an  aver¬ 
age  SAR  of  at  least  5.0  W/kg  are  capable  of  inducing 
chromosomal  damage  in  human  lymphocytes  [21]. 

In  buccal  epithelium  cells  of  mobile  phone  users  is 
reported  a  slight  but  statistically  non  significant  in¬ 
crease  of  micronuclei  number  [22]. 
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In  the  work  [23]  human  blood  cultures  were  exposed 
to  a  1 .9  GHz  CW  RF  field  for  2  h.  Mean  specific  SARs 
of  0.0,  0.1,  0.26,  0.92,  2.4  and  10  W/kg  were  achieved, 
and  the  temperature  within  the  cultures  during  a  2-h 
exposure  was  maintained  at  37.00.  No  evidence  of  in¬ 
creased  primary  DNA  damage  was  detected  by  any 
parameter  for  RF-field-exposed  cultures  at  any  SAR 
tested.  The  formation  of  micronuclei  in  the  RF-field- 
exposed  blood  cell  cultures  was  assessed  using  the  cy¬ 
tokinesis-block  micronucleus  assay.  There  was  no  sig¬ 
nificant  difference  in  the  binucleated  cell  frequency, 
incidence  of  micronucleated  binucleated  cells,  or  total 
incidence  of  micronuclei  between  any  of  the  RF-field- 
exposed  cultures  and  the  sham-exposed  controls  at  any 
SAR  tested  [23]. 

No  induction  of  micronuclei  after  microwave  expo¬ 
sure  was  registered  in  the  work  [24].  DNA  damage  in 
human  dermal  fibroblasts  from  a  healthy  subject  and 
from  a  subject  affected  by  Turner's  syndrome  that 
were  exposed  for  24  h  to  RF  radiation  at  900  MHz.  A 
signal  similar  to  that  emitted  by  GSM  mobile  phones 
was  used  at  a  specific  absorption  rate  of  1  W/kg  under 
strictly  controlled  conditions  of  temperature  and  do¬ 
simetry.  To  evaluate  DNA  damage  after  RF-radiation 
exposure,  the  alkaline  comet  assay  and  the  cytokine¬ 
sis-block  micronucleus  assay  were  used.  The  results 
revealed  no  genotoxic  and  cytotoxic  effects  from  RF 
radiation  alone  in  either  cell  line  [24]. 

In  numerous  works  is  demonstrated  the  DNA 
brakes  formation  under  the  influence  of  microwaves. 
In  [25]  investigated  DNA  brakes  induction  in  rat  brain 
under  the  influence  of  low  intensity  microwaves  (2.45 
and  16.5  GHz,  SAR  1.0  and  2.01  W/kg,  respectively). 
Wistar  rats  (35  days  old,  male,  six  rats  in  each  group) 
were  selected  for  this  study.  These  animals  were  ex¬ 
posed  for  35  days  at  the  above  mentioned  frequencies 
separately  in  two  different  exposure  systems.  After 
the  exposure  period,  the  rats  were  sacrificed  and  the 
whole  brain  tissue  was  dissected  and  used  for  study  of 
single  strand  DNA  breaks  by  micro  gel  electrophore¬ 
sis  (comet  assay).  Single  strand  DNA  breaks  were 
measured  as  tail  length  of  comet.  This  study  shows 
that  the  chronic  exposure  to  these  radiations  cause 
statistically  significant  (p  <  0.001)  increase  in  DNA 
single  strand  breaks  in  brain  cells  of  rat  [25]. 

Cultured  human  diploid  fibroblasts  and  cultured  rat 
granulosa  cells  were  exposed  to  intermittent  and  con¬ 
tinuous  RF  EMF  used  in  mobile  phones,  with  differ¬ 
ent  SAR  and  different  mobile  phone  modulations 
[26].  DNA  strand  breaks  were  determined  by  means 
of  the  alkaline  and  neutral  comet  assay. RF-EMF  ex¬ 
posure  (1800  MHz;  SAR  1.2  or  2  W/kg;  different 
modulations;  during  4,  16  and  24  h;  intermittent  5  min 
on/ 10  min  off  or  continuous  wave)  induced  DNA  sin¬ 
gle-  and  double-strand  breaks.  Effects  occurred  after 
16  h  exposure  in  both  cell  types  and  after  different 
mobile-phone  modulations.  The  intermittent  exposure 
showed  a  stronger  effect  in  the  comet  assay  than  con¬ 
tinuous  exposure.  Authors  conclude  that  the  induced 
DNA  damage  cannot  be  based  on  thermal  effects  [26]. 


Human  trophoblast  HTR-8/SVneo  cells  were  ex¬ 
posed  for  4,  16  or  24h  to  1,8  GHz  CW  and  different 
GSM  signals,  namely  GSM-2 17Hz  and  GSM-Talk 
(intermittent  exposure:  5  min  field  on,  10  min  field 
off)  [27].  The  alkaline  comet  assay  was  used  to  eva¬ 
luate  primary  DNA  damages  and/or  strand  breaks  due 
to  uncompleted  repair  processes  in  HF-EMF  exposed 
samples.  The  amplitude-modulated  signals  GSM- 
21 7Hz  and  GSM-Talk  induced  a  significant  increase 
in  comet  parameters  in  trophoblast  cells  after  16  and 
24h  of  exposure,  while  the  un-modulated  CW  was 
ineffective.  However,  alterations  were  rapidly  recov¬ 
ered  and  the  DNA  integrity  of  HF-EMF  exposed  cells 
was  similar  to  that  of  sham-exposed  cells  within  2h  of 
recovery  in  the  absence  irradiation.  The  data  suggest 
that  HF-EMF  with  a  carrier  frequency  and  modulation 
scheme  typical  of  the  GSM  signal  may  affect  the 
DNA  integrity  [27]. 

In  the  works  done  in  Kharkiv  National  University 
the  changes  induced  in  chromatin  microscopic  struc¬ 
ture  by  microwave  and  ultrawideband  ultrashort  radi¬ 
ation  are  analyzed.  In  principlem  reaction  to  both 
types  uf  EMF  is  the  same  -  induction  of  transition 
euchromatin  -  heterochromatin,  but  the  microwave 
radiation  induces  more  pronounced  effect  than  ultra- 
wideband  ultrashort  radiation  of  thy  same  power  den¬ 
sity.  In  the  work  [4].  The  effects  of  ultra  wideband 
pulse  radiation  on  human  cells  were  investigated.  The 
density  of  the  flow  of  energy  on  the  surface  of  irra¬ 
diated  object  varied  from  10-6  to  10-2  W/cm2  with 
exposure  of  10  s.  It  was  shown  that  heterochromatin 
granule  quantity  in  cell  nuclei  increased  under  the 
influence  of  radiation  from  10"4  to  10"2  W/cm2.  In 
some  intervals,  the  effect  increased  with  irradiation 
dose.  At  irradiation  intensity  10"3  W/cm"2  the  process 
of  heterochromatin  granule  formation  was  fully  re¬ 
versible  after  2  h  of  recovery;  at  intensity  10"2  W/cm2 
the  reversion  of  irradiation  effects  was  not  full.  The 
data  obtained  indicated  the  strong  biological  activity 
of  ultrawideband  ultrashort  pulse  radiation  [4]. 

The  biological  effects  of  differently  polarized  mi¬ 
crowave  radiation  on  the  chromatin  state  in  human 
cells  were  estimated  [5].  Isolated  human  buccal  epi¬ 
thelium  cells  were  irradiated  by  microwaves  of  fre¬ 
quency  f.=35  GHz  and  surface  power  density  30 
jaW/cm2.  The  state  of  chromatin  in  human  cells  was 
determined  by  methods  of  light  and  electron  micro¬ 
scopy.  The  state  of  cell  membranes  was  evaluated  by 
the  method  of  vital  indigo  carmine  staining.  The  mi¬ 
crowave-induced  condensation  of  chromatin  in  human 
cells  is  revealed.  Degree  of  microwave-induced  con¬ 
densation  depends  on  the  state  of  polarization  of  elec¬ 
tromagnetic  wave:  In  some  cases  left  circularly 
polarized  waves  induce  less  effect  than  linearly  pola¬ 
rized  radiation.  The  linearly  polarized  electromagnetic 
waves  induce  cell  membrane  damage  revealed  by 
increase  of  cell  staining.  Thus,  low-level  microwave 
irradiation  induces  chromatin  condensation  in  human 
cells  and  damages  of  cell  membranes  [5]. 
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The  data,  presented  in  this  section  indicate  that  cell 
nucleus  is  deeply  involved  in  the  cell  reaction  to  mi¬ 
crowave  and  ultrawideband  ultrashort  pulsed  radia¬ 
tion.  Cell  plasma  membrane  reactions  to  these  factors 
are  also  of  great  significance. 

3.  Conclusion 

Electromagnetic  factors  induce  in  cells  stress  reaction 
that  consist  of  molecular,  nuclear  and  membrane 
components.  The  general  reactions  to  stress,  such  as 
oxidative  stress  [28],  activation  of  heat-shock  proteins 
[29]  may  play  an  important  role  in  it.  It  was  proposed 
that  transcription  of  mRNA  of  heat-shock  proteins 
and  factors  of  transcription  may  be  directly  regulated 
by  EMF  [30].  In  any  case,  the  cytological  components 
of  reaction  of  living  organism  to  electromagnetic  fac¬ 
tors  that  are  considered  in  this  paper  have  not  only 
scientific  interest,  but  may  be  used  in  diagnostics  of 
degree  of  biological  charge  produced  by  EMF.  The 
absence  of  uniformity  in  results  obtained  by  different 
authors  is  very  typical  for  such  studies.  In  our  opi¬ 
nion,  it  may  be  partly  due  to  the  differences  in  expe¬ 
rimental  objects  and  intensities  of  irradiation  used  in 
different  laboratories. 
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Abstract 

Features  of  formation  of  an  antenna  pattern  and  change  of  the  signal's  form  are 
considered  for  cases  when  spatial  duration  of  a  signal  becomes  commensurable  or 
less  than  physical  sizes  of  the  radiating  or/and  reception  antennas.  Results  are  re¬ 
ceived  by  modeling  in  MathCAD. 

Keywords:  UWB  signal,  antenna  pattern,  short  signal,  long  antenna,  reciprocity 
principle,  matched. 


1.  Introduction 

When  spatial  duration  of  a  signal  cr  (c  -  speed  of 
light)  becomes  less  than  linear  size  T  of  the  antenna, 
new  important  property  arises  in  system:  the  form  of  a 
signal  essentially  changes  during  his  radiation  and 
reception.  Change  of  the  signal's  form  leads  to  change 
of  the  antenna  patterns'  structure,  which  is  not  pecu¬ 
liar  to  classical  narrow-band  antennas.  Features  of 
formation  of  antenna  patterns  on  radiation  and  recep¬ 
tion  in  those  cases  are  considered  below,  when  there 
are  conditions:  cr  <  L  or  cr  «  L  .  The  signals 
satisfying  these  conditions,  further  in  the  text  refer  to 
the  simply  short  signals. 


point  of  supervision;  A L  -  length  of  a  dipole;  r  - 
distance  up  to  a  point  of  supervision. 

We  use  expression  (1)  and  shall  consider  a  field  of 
the  simple  antenna  as  a  linear  radiator  with  length  T 
which  is  actuated  from  one  end  by  a  pulse  source  of  a 
current  (Fig.  1). 

We  shall  divide  this  antenna  into  elementary  radiators 
in  length  AT  .  At  figure  are  indicated:  A L.  -  j-th  an 

elementary  radiator;  L  -  his  coordinate.  The  pulse  of  a 

current  i(t)  arises  in  a  point  O  ,  is  distributed  along  the 
antenna  and  consistently  raises  elementary  radiators. 

At  occurrence  of  a  pulse  of  a  current  in  a  point  0 
there  will  be  an  excitation  of  the  first  elementary  ra¬ 
diator  and  in  a  far  zone  there  will  be  a  field: 


2.  Radiation  of  Short  Signals 


We  use  known  a  method  which  allows  to  divide  the 
antenna  into  elementary  radiators  -  dipoles  Hertza 
which  have  the  sizes  allowing  to  assume  uniform  dis¬ 
tribution  of  a  current  on  length.  Then  the  field  of  the 
radiating  antenna  can  be  received  as  the  sum  of  fields 
which  are  radiated  by  these  dipoles. 

For  use  of  this  method  it  is  necessary  to  define  de¬ 
pendence  of  a  field  of  the  Hertz's  dipole  E(6,  t )  from 

the  law  of  a  stimulating  current's  changes  i(t) .  In  the 
majority  of  references  this  dependence  is  defined  for 
the  harmonious  law  of  the  current's  change.  To  find 
parameters  of  a  field  at  cr  «  L  ,  it  is  necessary  to 
define  dependence  of  this  field  when  a  stimulating 
current  has  any  change  in  time.  Such  dependence  is 
described  by  expression: 


E(9,t) 


ZQ  sin  6 
47 rcr 


d 

r 

dt 

i 

t - 

e  j 

AT. 


(1) 


Here:  ZQ  -  wave  resistance  of  free  space;  0  -  a  cor¬ 
ner  between  an  axis  of  a  dipole  and  a  direction  on  a 


Eftf) 


Z 0  sin  0  d 
Aircr  dt 


r  —  f  cos  0 
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The  same  fields  will  arise  at  excitation  of  the  fol¬ 
lowing  elementary  radiators.  The  sum  of  fields  of  all 
radiators  looks  like: 


Alter  dt 


L 
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r  —  L  cos  0 


•AT 


After  all  transformations  this  field  looks  like: 


Es(t,0)  =  - 


ZQ  sin  0 
.  47rr 


cos  0  —  1 


^  T  r  —  L  cos  0 
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Fig.  1. 
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This  field  of  a  radiator  will  consist  of  two  parts, 
positive  and  negative,  each  of  which  repeats  of  the 
stimulating  current’s  form.  One  part  of  this  field  is 
formed  at  the  moment  when  a  pulse  of  a  current  enter 
to  a  radiator,  and  another  -  at  the  moment  when  this 
pulse  achieve  by  the  end  of  a  radiator.  This  process 
can  be  presented  also,  as  radiation  from  a  point  of 
excitation  and  from  the  end  of  the  antenna. 

The  form  of  a  total  field  depends  on  a  relationship 
between  length  of  antenna  L  and  duration  of  a  pulse 
cr .  At  L  »  cr  time  of  a  delay  of  a  signal  consi¬ 
derably  exceeds  duration  of  a  pulse.  In  result  between 
two  parts  of  a  field  the  interval  is  formed,  and  the 
field  will  divide  on  two  parts.  On  Fig.  2  the  example 
of  a  total  field  of  the  radiator  observable  under  a  cor¬ 
ner  6  =  60°  ,  at  L  =  10 cr  is  resulted. 

The  received  formulas  allow  to  construct  antenna 
patterns  for  electromagnetic  field  for  the  considered 
radiators.  On  Fig.  3  we  see  the  antenna  pattern  for 
field  for  an  example  shown  on  Fig.  2.  When 
L  »  cr  the  dependence  of  this  field  antenna  pattern 
from  time  t  is  appear.  Antenna  pattern  changes  the 
form  and  position  in  space  while  the  pulse  of  a  current 
runs  along  a  radiator  (on  Fig.  3  the  antenna  pattern  by 

field  is  shown  at  the  moments  of  time  tx ,  t2,  t3  . . .). 

Time-varying  of  the  antenna  pattern  for  field  does 
its  unsuitable  for  calculation  of  parameters  of  radio¬ 
systems  as  does  not  allow  defining  such  parameters  of 
the  antenna  as  factor  of  the  directed  action,  width  of  a 
beam,  etc.  Convenient  for  practical  use  is  antenna 
pattern  for  energy  W(6)  which  finds  as  averaged 
power,  radiated  in  each  angular  direction,  while  the 


pulse  of  a  current  runs  along  a  radiator.  W(6)  de¬ 
scribes  distribution  of  energy-flux  density  in  space 
depending  on  a  angle  0: 

+oo 

WT(e)  =  —  f  El(6,t)dt. 

Z0Joo 

On  Fig.  4  normalized  power  antenna  patterns  for  various 
values  of  attitude  L  /  cr  are  showed.  When  cr  »  L 
antenna  patterns  for  energy  coincides  with  antenna  pat¬ 
terns  of  the  half-wave  vibrator  for  field.  When  attitude 
L  /  cr  is  increasing,  the  maximum  of  the  antenna  pat¬ 
terns  for  energy  deviates  from  the  normal  and  when 
cr  «  L  radiation  of  the  antenna  occurs  along  the 
aperture.  At  that  the  maximal  value  of  the  antenna  pat¬ 
terns  for  energy  grows,  and  its  width  is  decreasing. 

3.  Reception  of  Short  Signals 

Let’s  consider  antenna  pattern  for  reception  when 
cr  «  L  .  Fig.  2  shows  the  pulse’s  form  of  the  field 
falling  on  the  reception  antenna,  which  will  vary  depend¬ 
ing  on  a  angle  under  which  it  is  located  concerning  the 
transmitting  antenna.  In  result  the  form  of  a  pulse  of  the 
current  caused  by  this  field  in  the  reception  antenna,  and 
the  form  of  a  voltage’s  pulse  in  its  loading,  caused  by  this 
current,  will  depend  on  an  arrangement  of  antennas. 
Consequently  antenna  pattern  of  the  reception  antenna 
will  depend  on  a  mutual  positioning  of  antennas. 

On  Fig.  5  the  arrangement  of  the  transmitting  and  re¬ 
ception  antennas  representing  symmetric  vibrators  in 

length  Lt  and  LR  is  shown.  The  reception  antenna  is  on 
distance  r  from  the  transmitting  antenna  in  its  distant 


ET(t,Qx=60  rp.) 


60°  00* 


3.33 

-0.03- 


-o.o  e 

Fig.  2. 


4 

r 

10‘6  3.335 

T| 

rr6 - 

10  6  3.345 

•10~6  3.35 

10  6  3.355 

•Up  ‘.c 

V 

ET(t,0T) 


Fig.  3. 


W(0) 

wcew 

i 

0,8 

0,6 

0,4 

0,2 


Fig.  4. 


2) 


Ultrawideband  and  Ultrashort  Impulse  Signals,  6-10  September,  2010,  Sevastopol,  Ukraine 


41 


Immoreev  I.  Ya. 


zone.  Loading  and  the  ends  of  vibrators  are  coordinated 
in  a  strip  of  frequencies  of  a  signal  and  do  not  reflect 
energy.  On  Fig.  6  the  example  of  the  form  of  a  pulse  of  a 
voltage  in  loading  of  the  reception  antenna  U (t,  6) , 

when  angle  0  =  60°  is  shown. 

On  Fig.  6  is  visible,  that  the  voltage  at  loading  of  the 
reception  antenna  is  the  sum  of  two  pulses,  each  of 
which  repeats  the  form  of  the  falling  field's  pulse. 
Change  of  the  form  of  a  pulse  of  a  voltage  at  loading  of 
the  reception  antenna  at  change  of  a  angle  of  falling  on  it 
of  a  pulse  of  a  field  occurs  as  well  as  change  of  the  form 
of  a  pulse  of  a  field  of  the  radiating  antenna  at  change  of 
a  angle  of  observation.  Therefore  for  the  reception  an¬ 
tenna  it  is  necessary  to  use  antenna  pattern  for  energy 
which  finds  as  averaged  power  accepted  from  each  angu¬ 
lar  direction,  while  the  pulse  of  a  field  runs  along  the 
aperture  of  the  antenna.  Antenna  pattern  for  energy  de¬ 
scribes  distribution  of  energy-flux  density  in  space  ac¬ 
cepted  by  the  antenna  depending  on  a  angle  0: 


WR(0) 


+oo 

f  Ul(t,9)  dt. 


— oo 


On  Fig.  7  are  shown  normalized  antenna  pattern  for 
energy  at  various  values  of  a  angle  0T  between  the 

aperture  of  the  transmitting  antenna  and  its  direction  to 
the  reception  antenna.  From  Fig.  7  essential  depen¬ 
dence  of  the  form  of  reception  antenna  pattern  for  ener¬ 
gy  from  a  direction  to  transmitting  antenna  is  visible. 


antenna  patterns  when  the  antenna  #1  radiates  a  short 
signal  at  a  angle  of  observation  0T  =  60°  ,  and  the  an¬ 
tenna  #2  accepts  this  signal  at  the  angle  of  observation 
6 R  =  120° .  Antenna  pattern  on  Fig.  8,b  are  shown  for 
a  case  when  the  antenna  #2  radiates  a  short  signal  at 
the  angle  of  observation  0T  =  120° ,  and  the  antenna 
#1  accepts  this  signal  at  the  angle  of  observation 
0R  =  60°  .  We  see,  that  according  to  a  principle  of 

reciprocity,  in  the  same  mode  the  form  of  the  antenna 
pattern  remains  constant,  irrespective  of  number  and 
an  placement  of  the  antenna.  At  the  same  time  anten¬ 
na  patterns  essentially  differ  at  transition  of  the  anten¬ 
na  from  one  mode  in  another.  It  is  feature  of  radiation 
and  reception  of  the  short  UWB  signals:  When 
cr  <  <  L  ,  antenna  pattern  in  the  mode  of  reception 
differs  from  antenna  pattern  in  the  mode  of  radiation 
as  it  is  accepted  in  the  classical  theory  of  the  antennas 
for  narrow-band  signals  when  cr  »  L  . 

5.  Radiation  and  Reception  of  Short 
Signals  with  Complex  Structure 

Above  we  considered  radiation  and  reception  by  long 
antennas  of  simple  short  signals.  In  a  some  of  practical 
cases  there  is  a  necessity  of  radiation  and  reception  of 
short  signals  which  have  complex  modulation  inside  a 
pulse,  for  example,  linear  frequency  modulation  or  phase- 
code  modulation.  This  condition  can  arise  in  practice: 


4.  Principle  of  Reciprocity  and 
Reception  Antenna  Pattern 

As  indicated  above,  voltage  UH ( 6 )  depends  not  only  on 
delays  of  a  signal  in  antennas  LT  and  LR  ,  but  also  from 
a  mutual  positioning  of  these  antennas,  i.e.  from  angles 
0T  and  0R  .  It  means,  forms  of  the  currents,  which  arise 

in  radiation  antennas  and  reception  antennas,  will  be 
generally  various.  Hence,  will  have  the  different  form 
and  antenna  pattern  on  radiation  and  reception. 

On  fig.  8,  as  an  example,  give  two  antenna  patterns 

for  energy:  for  transmitting  WT(0)  and  for  reception 
W  (6)  when  LT  =  LR  =  lOcr  .  On  Fig.  8, a  are  shown 


Fig.  6. 
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•  in  radars  for  recognition  such  as  the  target;  such 
radars  should  have  high  resolution  on  range  and 
on  angular  coordinates; 

•  in  systems  of  a  communication  for  silent  transfers 
of  the  information  into  a  range  of  frequencies  and 
into  space;  such  systems  of  a  radio  communication 
should  work  by  short  signals  by  narrow  beams  of 
the  antenna. 

Processing  of  complex  signals  is  made  in  the 
matched  filter  on  an  output  of  the  reception  antenna. 
However  the  structure  of  such  signals  can  be  de¬ 
stroyed  in  time  of  radiation,  that  does  not  allow  to 
execute  their  coordinated  processing. 

On  Fig.  9  a  field  in  a  far  zone  is  shown  when  the 

long  antenna  (L  =  LT  =  lOcr  )  radiated  a  pulse  with 

linear  frequency  modulation,  duration  r  =  11  ns  and 
factor  of  compression  B  =  11: 


/  \ 

to 

m  =  sin 

2n/+  2 

T 

On  Fig.  10  this  signal  on  an  output  of  the  matched 
filter  is  shown  at  traditional  processing.  On  a  Fig.  11 
the  same  signal  on  an  output  of  the  matched  filter  is 
shown  after  reception  of  the  field  shown  in  a  Fig.  9  . 

We  see  that  the  signal  has  completely  "destruction". 

The  reason  of  a  signal's  change  is  the  delay  of  a 
current's  pulse  in  the  transmitting  antenna  for  a  inter¬ 
val  of  the  time,  necessary  for  its  run  along  the  antenna 
A  t  =  L  /  c . 


,  x  sin  6 
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1 
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If  to  remove  member  L  /  c  from  the  formula  for  a 
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Fig.  8.  a. 


field  E  (t,  6) ,  we  shall  receive  on  an  output  of  the 

matched  filter  the  signal  similar  to  a  Fig.  10.  In  that 
case  the  antenna  patterns  of  the  transmitting  and  re¬ 
ception  antennas  become  identical. 

6.  Conclusion 

When  the  signal  has  the  spatial  extension  much  less, 
than  the  length  of  the  antenna: 

•  the  form  of  the  directivity  diagram  of  antenna  for 
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radiation  does  not  coincide  with  the  form  of  the  di¬ 
rectivity  diagram  of  this  antenna  for  reception; 

•  the  form  of  a  signal  at  loading  of  the  reception 
antenna  does  not  coincide  with  the  form  of  a  sig¬ 
nal  on  an  input  of  the  transmitting  antenna. 
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Abstract 

Results  of  numerical  optimization  of  electrical  characteristics  and  geometry  of  ultra 
wideband  double  ridged  hom  antennas  are  presented.  End-fire  radiation  patterns  with 
side  lobe  level  less  than  -10  dB  and  VSWR<2.0  over  the  frequency  range  1-20  GHz  at 
the  compact  prototype  of  the  optimized  antenna  manufactured  have  been  obtained. 

Keywords:  Double  ridged  hom  antenna,  ultra  wideband  antenna,  ultra  wideband  hom 
antenna  feeding. 


1.  Introduction 

Ordinary  hom  antennas  are  widely  used  for  transmis¬ 
sion  and  reception  of  microwave  signals  due  to  simple 
design,  high  effectiveness  and  simple  feeding.  Mea¬ 
suring  antennas  and  feeds  for  reflector  antennas  are 
two  main  applications  of  these  hom  antennas.  Limited 
operating  frequency  range  is  the  main  drawback  of 
them.  That  is  why  the  antennas  cannot  be  used  in  wi¬ 
deband  (UWB)  radio  systems  with  required  frequency 
bandwidths  2:1  and  more. 

For  such  applications  a  ridged  horn  antenna  (RHA) 
was  proposed  by  J.  K.  Shimizu  [1]  in  1961.  But  only 
in  2003  RHA  was  accurately  analyzed  numerically 
(including  coaxial  feeding)  by  C.  Bmns  [2]  using  full- 
wave  method  of  moments.  Operating  frequency  range 
of  the  RHA  presented  was  1-18  GHz.  The  author  [2] 
pointed  out  the  main  drawback  of  this  type  of  anten¬ 
nas,  namely  distortion  of  radiation  pattern  at  frequen¬ 
cies  higher  than  12  GHz.  In  the  mentioned  frequency 
range  radiation  pattern  has  very  high  side  lobes  in 
diagonal  planes  and  even  exceed  end-fire  radiation. 
The  same  degradation  of  directional  characteristic  was 
observed  in  4  prototypes  of  RHA  of  different  manu¬ 
factures  [2].  New  constmction  of  RHA  without  side 
walls  was  presented  by  V.  Rodriges  [3].  But  gain  re¬ 
duction  and  VSWR  >2.0  still  take  place  for  this  mod¬ 
ification.  A  modified  RHA  with  dielectric  material 
between  ridges  and  absorbing  stmcture  in  the  feeding 
section  has  been  introduced  by  A.  Teggatz  [4]  for 
GPR  applications.  But  at  lower  frequencies  return  loss 
increases  up  to  -5  dB  and  at  frequencies  higher  than 
12  GHz  radiation  pattern  is  strongly  distorted.  De¬ 
tailed  investigation  of  radiation  pattern  degradation 
was  described  by  D.  Baumann  [5].  Method  FVTD  and 
measurements  in  anechoic  chamber  was  used  to  ana¬ 
lyze  the  problem  mentioned. 


Analyzing  electromagnetic  characteristics  of  world 
famous  manufacturers  of  UWB  RHA  (Rohde&Schwarz, 
Q-par  Angus,  Sunol  Sciences,  A.  H.  Systems,  ETS 
Lindgren  etc.)  we  find  out  that  almost  all  antennas  have 
some  drawbacks.  Mainly,  antennas  have  gain  drop  in  end- 
fire  direction  at  higher  frequencies  (this  also  means  high 
side  lobe  level  and  degradation  of  radiation  pattern)  and 
VSWR<2.0  not  in  the  entire  operating  frequency  range. 

Thus,  it  is  challenging  problem  to  develop  simple 
and  compact  UWB  RHA  that  provides  VSWR<2.0, 
end-fire  radiation  patterns,  side  lobe  level  <  -10  dB  in 
the  frequency  range  1-20  GHz. 

2.  Proposed  Modifications 

Antenna  characteristics  calculation  and  its  optimiza¬ 
tion  were  carried  out  using  CST  Microwave  studio 
software,  based  on  FDTD  method.  With  the  help  of 
mentioned  software  it  is  possible  to  model  the  antenna 
structure  together  with  coaxial  feeding  in  detail. 

Ridges  (Fig.  1)  are  used  to  increase  operating  fre¬ 
quency  range  of  the  common  HA  construction.  In  our 
construction  we  choose  ridge  with  exponential  profile 
to  match  the  impedance  of  coaxial  feeding  and  free 
space.  Ultra  wide  band  operation  is  achieved  due  to 
special  transition  from  the  coaxial  line  to  the  ridged 
waveguide.  Exactly  this  unit  together  with  cavity  back 
and  position  of  ridges  define  bandwidth  of  antenna 
matching  to  coaxial  feeding  line.  Computational  anal¬ 
ysis  and  practice  show  that  appropriate  construction  of 
this  transition  can  provide  required  return  loss  in  the 
frequency  range  20: 1 . 

For  the  common  design  of  RHA  (Fig.  1)  with  solid 
side  walls  radiation  pattern  begins  to  split,  so  that  end- 
fire  maximum  cannot  be  observed  at  frequencies 
higher  12  GHz.  Such  radiation  pattern  is  qualified  as 
lobed  pattern  and  it  is  fundamentally  not  suitable  for 
environment  monitoring  systems. 
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Fig.  1.  Ridged  horn  antenna. 
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Fig.  2.  Modified  UWB  RHA. 


Next  modifications  are  proposed  to  obtain  one 

main  beam  and  low  side  lobe  level: 

1.  Solid  side  walls  are  replaced  by  dielectric  walls 
with  special  5  mm  wide  metallic  strips  (Fig.  2). 
These  strips  maintain  currents  and  support  the 
propagation  of  main  H-wave.  Dielectric  side  walls 
serve  for  construction  capsulation  and  decreasing 
of  the  side  lobe  level  in  H-plane; 

2.  Dielectric  lenses  in  E-  and  H-plane  are  used.  They 
focus  the  radiation  along  the  horn  axis.  Also  lenses 
have  definite  matching  function; 

3.  Antenna  dimensions  are  reduced.  It  allows  to  im¬ 
prove  radiation  pattern  in  the  higher  end  of  the 
frequency  range  but  with  negligible  reducing  of 


gain  in  lower  end.  Also  due  to  this  modification 
we  obtain  lower  side  lobe  level  and  smooth  fre¬ 
quency  dependence  of  gain. 

Generally  high  antenna  gain  is  achieved  due  to  two 
factors:  utilizing  of  lenses  and  increasing  of  the  horn 
length  to  the  optimal  value. 

Frequency  dependence  of  the  antenna  gain  is  GHz. 
Additional  gain,  obtained  using  lenses,  increases  from 
1  to  4,5  dB  in  the  operating  frequency  range. 

3.  Optimization  Results 

Geometry  optimization  of  the  modified  RHA  for  ob¬ 
taining  necessary  electromagnetic  characteristic  is 
performed  by  varying  the  slot  width  between  ridges, 
sizes  and  shape  of  cavity  back  and  horn  length. 

It  is  established  that  width  of  the  slot  between  ridges 
is  an  influential  parameter  for  antenna  return  loss.  The 
impedance  around  50  Ohm  in  the  feeding  point  for  entire 
frequency  range  can  be  achieved  by  varying  this  parame¬ 
ter.  Frequency  dependence  of  VSWR  for  different  slot 
width  d  is  introduced  on  Fig.  3.  The  best  values  of 
VSWR  is  achieved  for  slot  width  1,5  mm.  For  this  value 
VSWR  <2.0  in  the  frequency  range  1-20  GHz. 

The  shape  of  the  cavity  back  is  chosen  to  provide 
simple  construction,  lower  VSWR  and  the  best  influ¬ 
ence  on  radiation  patterns  in  the  entire  bandwidth. 
Simple  flat  plate  turned  out  to  be  optimal  for  this  ap¬ 
plication.  This  plate  is  situated  on  the  optimized  dis¬ 
tance  from  feeding  point  that  provide  the  best 
matching  of  the  antenna. 


Fig.  4.  Typical  radiation  patterns  of  UWB  RHA  for  2,  10  and  20  GHz. 
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Fig.  5.  Frequency  dependence  of  SLL  smooth 
enough  in  the  entire  frequency  range  1  -  20. 


It’s  obvious  that  maximum  axis  gain  of  RHA  is 
reached  during  increasing  of  RHA  length  to  definite 
optimal  value.  For  optimal  horn  lens  (around 
250  mm)  gain  smoothly  increases  from  0  to  24  dB  in 
the  frequency  range  1-20  GHz. 

Radiation  patterns  of  the  optimized  RHA  for  fre¬ 
quencies  2,  10  and  20  GHz  are  presented  on  Fig.  4. 
We  can  observe  single  end- fire  main  beam.  Frequency 
dependence  of  the  side  lobe  level  maximum  value  is 
illustrated  on  Fig.  5  (maximum  level  is  chosen  in  E-, 
H-  and  diagonal  planes).  Typical  value  of  side  lobe 
level  does  not  exceed  -15  dB. 

4.  Experimental  Results 

Real  prototype  of  the  modified  and  optimized  UWB 
RHA  was  manufactured.  Experimental  and  computed 
VSWR  is  presented  on  Fig.  6.  Generally  both  experi¬ 
mental  and  calculated  VSWR  is  less  than  2.0.  It  can 
be  seen  that  there  is  very  good  agreement  between 
theoretical  and  measured  results.  These  results  prove 
the  adequacy  of  proposed  model,  and  also  reality  of 
the  other  obtained  results. 


5.  Conclusions 

The  UWB  RHA  manufactured  prototype  meets  all  the 
specifications  desired.  In  the  frequency  range  1  - 
20  GHz  side  lobe  level  and  gain  of  the  proposed  an¬ 
tenna  are  better  than  the  state-of-the-art  world  analo¬ 
gues.  Thus,  the  antenna  developed  can  be 
recommended  for  manufacturing  and  application  in 
antenna  measuring  systems,  UWB  radio  system  for 
environment  monitoring  and  for  other  purposes, 
where  frequency  range  up  to  20:1  and  end-fire  radia¬ 
tion  pattern  with  low  side  lobe  level  is  required. 
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Fig.  6.  Frequency  dependence  of  theoretical  and  experimental  VSWR. 
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Abstract 

In  this  paper  we  discuss  a  new  approach  to  create  the  acoustic  atmospheric  radar 
(sodar)  which  is  based  on  noise  sounding  waveform.  Such  sounding  waveform  fits  all 
formal  requirements  to  UWB  signals  and  has  remarkable  characteristics  including  ex¬ 
tremely  high  range  and  speed  resolution.  It  is  important  to  remember  that  all  these 
good  properties  exist  only  in  the  case  when  we  have  independent  samples.  The  noise 
signal  forms  the  independent  samples  because  of  its  nature. 

The  prototype  of  the  radar  is  described  and  investigated  theoretically,  using  com¬ 
puter  simulation,  and  in  natural  conditions.  Non-parametrical  signal  processing  algo¬ 
rithm  is  developed  based  on  statistical  approach  and  digital  signal  processing.  It  has 
wonderful  properties  of  invariance  to  the  group  of  the  noise  and  signal  transforms 
and  stable  level  of  the  false  alarm  probability  can  be  applied  for  both  acoustic  and 
microwave  UWB  noise  radars.  The  use  of  the  FFT  algorithm  increases  the  speed  of 
calculations  and  gives  us  the  possibility  of  constmcting  digital  random  signal  radars. 

The  results  of  this  project  confirm  that  the  random  signal  radar  is  one  of  the  most 
interesting  types  of  radar.  It  combines  properties  of  UWB  radar  with  some  additional 
features,  based  on  random  nature  of  the  sounding  waveform.  These  new  properties  al¬ 
low  us  to  simplify  signal  detection  algorithms  and  measure  a  distance,  an  azimuth 
and  a  target  velocity  simultaneously  with  high  resolution  and  accuracy. 
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Abstract 

The  paper  considers  history  of  development  and  current  state  of  the  art  of  calculation 
techniques  in  time  domain  that  are  based  on  presenting  sought  fields  in  the  form  of 
mode  expansion.  Some  peculiarities  of  the  modes  in  case  of  transverse  inhomogeneous 
dielectric  filling  are  considered.  Similarities  and  differences  with  the  frequency  domain 
modes  are  discussed.  Directions  of  further  development  of  the  method  are  given. 

Keywords:  Mode  Basis  Method,  Time  Domain,  evolutionary  waveguide  equations. 


1.  Introduction 

When  I  started  preparing  this  paper  I  realized  that  it 
can’t  be  fitted  into  these  Proceedings  as  a  full  paper 
since  it  would  require  more  than  20  pages.  That’s  why 
I  present  here  only  a  sketch  of  the  presentation  while 
the  complete  paper  will  be  published  elsewhere  later. 

The  subject  of  discussion  is  transient  field  in  regu¬ 
lar  and/or  closed  structures.  It  includes  cavities,  cylin¬ 
drical  waveguides,  free  space,  etc.  The  first 
publication  on  this  subject  as  far  as  I  know  is  dated 
back  to  1949  [1].  Since  then  this  method  was  rein¬ 
vented  in  the  papers  by  Tretyakov  (1986,  1989  [2,3]), 
Borisov  (1983,  1991  [4,5]),  recently  it  was  re-derived 
by  Geyi  (2006,2008  [6,7]).  I  work  on  advancing  this 
method  on  the  case  of  transverse  inhomogeneous  wa¬ 
veguides  since  2002  [9]  and  other  more  complex  cas¬ 
es.  Brief  review  of  the  achieved  results  is  the  subject 
of  this  presentation. 

2.  Modes 

The  modes  are  known  in  radiophysics  as  some  trans¬ 
verse  configurations  of  the  fields  in  a  waveguide  or 
cavity  that  doesn’t  change  their  shape  in  time  or  with 
propagation.  They  propagate  independently  and 
coupling  may  occur  only  at  some  irregularities.  Con¬ 
sidering  propagation  of  transient  fields  in  transverse 
inhomogeneous  waveguides  it  was  established  that 
there  is  no  such  transverse  field  configuration  that 
would  propagate  without  changing  its  shape.  Mean¬ 
while  it  was  possible  to  introduce  “modes”  as  a  com¬ 
plete  set  (basis)  of  transverse  functions  that  are 
obtained  from  some  eigenvalue  boundary  problem 
and  can  be  used  for  expanding  the  sought  fields. 

3.  Frequency  Domain  vs  Time  Domain 

In  the  frequency  domain  any  part  of  the  phase  front  of 
a  mode  has  the  same  propagation  constant  and  thus  it 
moves  as  a  whole.  In  contrast  in  the  time  domain  each 


part  of  the  transient  wave  front  moves  with  speed  of 
light  in  a  particular  medium  that’s  why  the  front 
should  change  its  form.  It  results  in  mode  coupling  at 
propagation  and  thus  makes  questionable  introduction 
of  any  modes  as  such.  In  the  frequency  domain  it 
leads  to  frequency  dependence  of  the  mode  configura¬ 
tion. 

4.  Cavity 

Strict  consideration  of  transient  fields  in  a  cavity  [2] 
has  allowed  not  to  lose  any  part  of  solution  as  it  hap¬ 
pens  in  the  frequency  domain  where  the  divergence 
equations  are  silently  omitted.  It  leads  to  introduction 
besides  commonly  known  solenoidal  modes  that  de¬ 
scribes  oscillating  fields  another  class  of  solutions  — 
irrotational  modes  that  describe  transient  Coulomb 
and  Ampere  fields  directly  coupled  with  varying 
charges  and  irrotational  currents  that  may  exist  in  the 
cavity. 

5.  Hollow  Cylindrical  Waveguide 

Mode  expansion  of  the  fields  in  a  hollow  waveguide 
is  exactly  the  same  in  FD  and  TD.  The  well-known 

cut-off  waveguide  dispersion  relation  /32  =  k2  —  n2n 
turns  into  Klein-Gordon  propagation  equation 
(d2  —  d2z  4-  K2n)f(z,t)  =  0  ,  a  solution  to  which  can  be 

easily  presented  with  a  convolution  propagation  oper¬ 
ator  given  in  terms  of  Bessel  functions. 

6.  Free  Space 

FS  can  be  considered  as  a  regular  structure  in  two 
ways: 

6.1.  Free  Space  as  a  Cylindrical 
Waveguide 

In  this  case  the  fields  are  not  restricted  in  the  trans¬ 
verse  direction  by  any  boundary  conditions  except  for 
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the  radiating  ones  and  it  leads  to  continual  mode  spec¬ 
trum  and  using  integrals  instead  of  series  in  mode 
expansion.  The  modes  in  this  case  exist  in  the  form  of 
uncoupled  “Bessel  modes”.  Such  consideration  is 
most  appropriate  for  considering  wave  beams  and 
aperture  (broadside  radiating)  antennas. 

6.2.  Free  Space  as  a  Conical  Waveguide 

FS  can  also  be  considered  as  a  regular  in  r  structure, 
at  this  the  mode  spectrum  is  discrete  due  to  periodici¬ 
ty  conditions  on  angle  coordinates.  Such  considera¬ 
tion  leads  to  spherical  harmonics  presentation  [8]  with 
mode  amplitudes  being  governed  by  Klein-Gordon- 

Fock  equation  (<92  —  <92  +  (^/r)2)/(r,t)  =  0  .  As  one 

can  see  it  is  very  similar  to  the  KG  equation  with  the 
difference  that  the  cut-off  frequency  now  depends  on 
radius.  It  can  be  considered  as  a  nonregular  wave¬ 
guide,  at  this  the  fields  at  the  center  (caustic)  behaves 
as  in  evanescent  waveguide  section. 

7.  Regular  Waveguide  with 
Transverse  Inhomogeneous  Filling 

As  it  was  already  discussed  earlier  in  such  waveguide 
mode  coupling  essentially  occurs  if  speed  of  light 
varies  in  cross-section.  At  that  instead  of  simple  KG- 
equation  we  obtained  KG-equation  with  matrix  coef¬ 
ficients  (L<92  —  K<92  +  P2)f (z,t)  =  0 .  The  developed 

mode  approach  is  based  on  using  for  field  expansion 
such  modes  that  diagonalize  the  matrix  of  cut-off  fre¬ 
quencies  P2 .  At  that  it  was  demonstrated  that  such  a 
presentation  converges  very  rapidly,  so  that  only  a 
finite  number  of  modes  is  sufficient  (with  exponen¬ 
tially  small  residual  errors)  for  presenting  propagation 
of  a  band-limited  signal  [10].  Also  such  modes  are  not 
hybrid  but  pure  E-,  H-  or  T-waves. 

8.  Open  Dielectric  Waveguide 

This  problem  is  currently  under  study.  It  has  both  pe¬ 
culiarities  discussed  in  sections  6.1  and  7.  As  a  result 
we  will  be  able  to  analyze  excitation  and  propagation 
of  ultrashort  pulses  in  a  fiber,  and  radiation  from  the 
end  of  a  dielectric  waveguide  (rod  antenna).  Interest¬ 
ing  feature  is  that  in  some  cases  there  may  exist  both 
discrete  and  continuum  spectrum  in  such  a  structure. 

9.  Moving  Back  to  FD 

The  introduced  modes  are  frequency  independent  and 
can  be  easily  enumerated  by  cut-off  frequencies  and 
mode  type  (E-,  H-,  or  T-mode).  Substituting  harmonic 
space-time  dependence  into  the  matrix  KG  equation 
leads  to  a  simple  presentation  of  the  FD  dispersion 
relation:  det(L£;2  —  K/3 2  —  P2)  =  0 ,  which  is  an  im¬ 
plicit  polynomial  by  structure.  It  enables  effective 
calculation  and  classification  of  the  FD  modes. 


10.  Cavity  with  Dispersive  Medium 

In  case  of  a  cavity  filled  with  a  dispersive  medium 
there  emerges  a  complex  oscillating  system  with  sev¬ 
eral  coupled  resonances  originated  from  medium  re¬ 
sonances  and  the  volume  (reverberation)  resonance. 
As  a  result  a  single  uncoupled  mode  has  complex  fre¬ 
quency  response  with  several  resonances.  The  method 
allows  presenting  the  transient  solution  in  a  closed 
form. 

11.  Diffraction 

Diffraction  of  a  transient  wave  at  some  obstacle  can 
be  described  by  a  convolution  type  operator.  In  case 
of  simple  boundary  of  media  in  a  waveguide  there  is 
no  mode  conversion  and  the  diffraction  operator  can 
be  described  by  a  function-kernel  of  the  convolution. 
Some  interesting  effects  have  been  found  in  this  prob¬ 
lem  like  excitation  of  a  charge  wave  by  E-mode  in  a 
conductive  medium,  transverse  wave  resonance  at  the 
boundary. 

Another  interesting  time  domain  calculation  tech¬ 
nique  for  waveguide  diffraction  problem  has  been 
designed  by  uniting  ID  FDTD  schemes  for  indepen¬ 
dent  mode  channels  with  mode  matching  technique 
for  coupling  at  the  obstacle  (like  iris  or  junction)  [11]. 

This  approach  also  enabled  us  to  consider  radiation 
by  TEM-hom  like  antennas  (like  biconical)  as  diffrac¬ 
tion  at  junction  of  conical  line  with  free  space  [11]. 

12.  Further  development 

Further  development  of  the  METD  method  will  be 
aimed  on  considering  propagation  in  waveguides  with 
dispersive  dielectric  filling.  The  results  will  be  also 
applicable  to  the  problem  of  wave  beam  propagation 
in  a  layered  dispersive  medium  (e.g.  for  GPR  model- 

ing). 

Another  challenging  problem  is  consideration  of 
non-regular  waveguides  where  the  modes  depend  on 
longitudinal  coordinates  that  leads  to  additional  mode 
coupling.  It  will  enable  analysis  of  such  a  problems  as 
radiation  of  TEM-like  antennas  with  inhomogeneous 
profile  that  in  optimal  way  transforms  TEM-wave  in 
the  antenna  into  radiated  E-wave  (such  as  Volcano 
antenna,  ridge  horn,  non-regular  ridge  feeder  for  para¬ 
bolic-reflector  antenna  etc.) 

Conclusions 

From  the  calculation  point  of  view  the  mode  approach 
allows  to  reduce  the  4D  problem  in  coordinates  and 
time  to  two  2D  problems:  an  elliptic  type  eigenvalue 
problem  in  transverse  coordinates  and  a  hyperbolic 
type  propagation  problem  in  longitudinal  coordinate 
and  time.  It  allows  one  to  apply  different  approaches 
to  each  part  of  the  problem  and  significantly  decrease 
complexity  of  the  problem. 

The  mode  approach  also  makes  possible  a  physical 
insight  on  the  transient  propagation  process,  determin¬ 
ing  some  common  properties  of  such  phenomena. 
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Surely  the  references  list  below  is  far  from  com¬ 
pleteness  because  of  limited  space;  more  references  can 

be  found  in  the  latest  papers  by  the  author  [10-12]. 
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Abstract 

In  this  report  the  new  Kravchenko  transforms  based  on  atomic  distributions  [1-7]  for 
digital  UWB  radar  signal  processing  is  proposed  and  proved.  This  approach  have  some 
advantages  in  comparison  with  Gabor  transform  for  parameter  estimation  in  radar. 

Keywords:  atomic  functions,  weight  functions,  radar,  ultrawideband  signals,  DSP. 


1.  Introduction 

To  improve  the  quality  of  research  and  signal 
processing  for  improved  methods  of  analysis  and  syn¬ 
thesis.  Theory  of  atomic  functions  (AF)  [1-7]  allows 
to  obtain  new  combined  transformations.  The  advan¬ 
tage  of  the  new  atomic  transforms  is  that  they  are 
based  on  a  common  mathematical  apparatus.  This 
provides  flexibility,  reliability  as  well  as  good  physi¬ 
cal  characteristics. 


According  to  the  principle  of  uncertainty  [3,9-11] 
the  product  A  =  ojtx  is  constant  and  does  not  depend 
on  the  choice  of  parameter  values  u ,  £  ,  q  and  b  . 


2. 1 .  Models  of  UWB  Signals 


We  shall  consider  models  of  the  following  UWB  sig¬ 
nals  [3]: 


2/j  (t)  =  step 


i  —  0,5 


■  step 


t  +  0,5 


sign  (f); 


(3) 


2.  New  Kravchenko  transforms 

Consider  the  modified  Fourier  transform  (FT)  [1]  with 
the  following  Kravchenko  integral  kernel  [1-5]: 

gu,i  (4  =  \d[qx  —  «) exp (*^ar) .  (1) 

In  this  expression  g(x J  is  the  atomic  function,  u  is 
the  time  shift,  £  is  the  frequency  shift,  q  and  b  are 
scaling  parameters.  The  energy  of  the  kernel  gu  ^ 
is  concentrated  in  the  neighborhood  of  u  on  the  in¬ 
terval  ax  measured  by  standard  deviation  |^(^)|  • 
The  spectrum  of  this  function  is  9  shifted  to  £  , 
i-e-  (<4  **.9  (u  ~  f)  •  The  energy  of  gut  (u>)  is 

localized  near  the  frequency  £  on  the  interval  a •  . 

Thus  the  modified  Kravchenko  atomic  transform  (AT) 
has  the  following  form: 


oo 

//("•£)  =  f  y(x)ff*u,(  ( x)dt 


i 

b 


oo 

J  y[x}g  [qx  —  uj  exp  z£xj  dx. 

—oo 


(2) 


Fig.  1  illustrates  the  field  of  time-frequency  localization  of 
function  gu ,  for  two  sets  of  values  u ,  £  ,  q  and  b  . 
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Fig.  1.  Time- frequency  localization  of  function 
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/  \  u,  l  <<  u, 

where  step (t  =  \  is  Heaviside  function, 

|l,  t>  0. 

and  sign  (t^j  is  the  sign  function  of  argument 

|sing  (^j  =  2  ^step  (t^j  —  0, 5  j  j .  Their  plots  with  results 

of  Kravchenko  atomic  transformation  are  submitted 
on  Figures  2-6,  and  physical  characteristics  are  re¬ 
sulted  in  Table  1. 


2.2.  Physical  Characteristics  of  UWB 
Signals 

To  examine  wavelet-functions  and  analyzed  model 
UWB  signals  we  shall  use  the  following  [3]  modified 
physical  characteristics:  broadbandness  parameter  fi ; 
minimal  and  maximal  frequencies  of  spectral  density 
function  (SDF)  f  .  ,  f  ;  the  central  frequency  of 

SDF  /  ;  relative  position  of  a  maximum  of  SDF  ^  ; 
relative  position  of  the  first  zero  of  SDF  y2 ;  relative 
width  of  SDF  on  a  level  -3  dB  y3 ;  relative  width  of 

SDF  on  a  level  -6  dB  y4 ;  information  losses  (dB), 
observed  at  rejection  a  component  with  frequencies 
/  0  1 0,i/]  from  SDF  j5;  information  losses  (dB)  ob¬ 


served  at  rejection  from  SDF  a  component  with  fre¬ 
quencies  /  0  [/min , /max  ]  76;  coherent  amplification 

77 ;  equivalent  noise  band  yg ;  maximum  side-lobe 
level  (dB)  7g ;  parasitic  amplitude  modulation  7  ; 

the  maximum  conversion  loss  7n  . 

UWB  signal  is  understood  as  a  signal  which  para¬ 
meter  fi  satisfies  to  the  condition  1  <  fi  <  2  . 

As  appears  from  table  at  a  choice  of  different  pa- 
rametres  modelling  time  signals  can  be  considered  as 
narrow-band,  broadband  or  ultra-wideband.  Krav¬ 
chenko  atomic  transform  allows  to  improve  the  time 
and  frequency  permission  at  the  analysis. 

3.  Conclusion 

New  constructions  of  Kravchenko  transform  based  on 
atomic  functions  (AF)  are  offered  and  proofed.  The 
physical  analysis  of  characteristics  of  the  new  Krav¬ 
chenko  transforms  is  carried  out.  It  is  shown  that  time 
and  frequency  properties  of  the  new  transform  are 
good.  Numerical  experiment  and  the  physical  analysis 
of  results  confirm  efficiency  of  new  Kravchenko 
transforms  in  problems  of  UWB  signal  processing. 


Table  1.  Model  UWB  signals  and  their  physical  characteristics. 


No.  of 
realizations 

Model  UWB  signals 

fi 

% 

% 

74 

% 

7. 

V 

% 

% 

1 

Vi 

t)  ,  T=  IS. 

1,54 

0,91 

1,04 

0,85 

1,11 

-1,58 

-1,41 

10,01 

10,01 

-5,29 

2 

U 

,  r  =1,5  s. 

1,50 

0,92 

1,00 

0,83 

1,11 

-1,49 

-1,34 

6,67 

6,67 

-5,28 

3 

V 

2  M  > n=l 

1,46 
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1,06 

0,81 

U3 

-11,47 
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-12,99 

4 

y 

2(Tn=2 
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-10,18 
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5 

v 

2(Tn=3 

0,52 
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1,18 
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6,63 

-8,60 

6 

u 

t"j ,  r  =0,3  s. 

1,59 

0,87 

2,26 

0,81 

1,13 

-37,58 

-9,17 

14,30 

10,44 

-49,15 

7 

u 

t^j ,  r=0,5  s. 

1,48 

0,87 

1,82 

0,88 

1,18 
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-5,88 

8,74 

6,49 

-18,87 

8 

,  r=0,3  s. 

1,22 
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2,19 

0,84 

1,16 
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9 

2/4 1 
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10 

UT 
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11 
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12 

UT 
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13 

UT 

n=l,  r=  0,1  s. 

1,59 

0,86 
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14 
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1,75 
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c)  d) 

Fig.  2.  Model  signal  y1  ,  r=l,  their  LACH  (a),  atomic  transform  for  q  =  1,  2,  3  (b,  c,  d). 


Fig.  3.  Model  signal  y2  (^j ,  r=  1,  their  LACH  (a),  atomic  transform  for  q  =  1,  2,  3  (b,  c,  d). 
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c) 


d) 


Fig.  4.  Model  signal  y3  ,  r=  1,  their  LACH  (a),  atomic  transform  for  q  =  1,  2,  3  (b,  c,  d). 


c) 


d) 


Fig.  5.  Model  signal  yA  ,  r=l,  their  LACH  (a),  atomic  transform  for  q  =  1,  2,  3  (b,  c,  d). 
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a) 


-1.5 
-1 

-0.5 
0 

0.5 
1 

1.5 

2  -1  -°'5  0  °'5  1  / ,  Hz 

d) 


0 


Fig.  6.  Model  signal  y5  [t\ ,  r  =  1,  their  LACH  (a),  atomic  transform  for  q  =  1,  2,  3  (b,  c,  d). 
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Abstract 

In  this  report  the  new  WA-systems  Kravchenko-Rvachev  functions  based  on 
atomic  distributions  [1-7]  for  SAR  problems  are  proposed.  New  functions  have  the 
following  main  properties:  compact  support,  smoothness  and  ultrawidebandness.  This 
WA-systems  Kravchenko-Rvachev  functions  are  effective  for  UWB  signal 
processing. 

Keywords:  atomic  functions,  ultrawideband  signals,  SAR,  DSP. 


1.  Introduction 

For  the  ultra- wideband  (UWB)  signal  processing  re¬ 
quires  appropriate  methods.  They  must  have  suitable 
characteristics,  as  well  as  their  variation.  These  are  the 
atomic  distribution,  which  are  constructed  on  basis  of 
the  Kravchenko-Rvachev  functions  with  reference  to 
problems  of  digital  UWB  signal  processing  are  pro¬ 
posed. 


2.  Atomic  Distributions 

Let’s  consider  the  following  probability  distributions 
in  a  kind  weight  functions  (WF): 

1 .  Kravchenko-Koshi 


a,6,c  G  M  ,  N 

=  2.3. 

,4,. 

Kravchenko-Gauss 

/  \  1 

x 2 

h 

a 

X 

wjx)  =  . —  exp 

V  '  V^c 

1 

to  I 
o- 

to 

a  —  1 

a,  fr,  c  G  M  ,  N 

=  2,3. 

)  4,  • 

3.  Kravchenko-  Poisson 


(x)  =  —  exp 

X 

K 

X 

^  '  c 

b 

a  —  1 

6,c  G  M,  N  =  2, 3,4, ... . 

4.  Kravchenko-  Rayleigh: 


f  2  ] 

(  \ 

(x)  =  —  exp 

X 

K 

X 

a  —  1 

^  '  c 

2  •  b2 

6,c  G  M,  N  =  2,3,4,... . 


(1) 


(2) 


(3) 


(4) 


Weight  function  hz\xj 2j  and  its  spectra  are  shown 

on  Fig.  1.  View  of  those  functions  are  presented  on 
Fig.  2,  3.  It  is  known  that  mathematical  models  of  radio 


signals  and  a  radio  noise  are  probability  processes. 
Therefore  stochastic  distributions  appear  are  convenient 
for  UWB  signal  processing. 

of* 


b) 


Fig.  1.  WF  h  ,  U'2  )  and  its  spectra. 


Fig.  2.  View  of  wx  (£;5, 0.5 j 
and  spectra  (b),  (d). 


(a),  w  lx; 5,0.5  (c) 
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Fig.  3.  View  of  w3(x-15, 0.5)  (a),  5,0.5)  (c) 

and  spectra  (b),  (d). 


2. 1 .  Physical  Characteristics 

To  examine  weight  functions  and  analyzed  model 
UWB  signals  we  shall  use  the  following  [3]  modified 
physical  characteristics:  broadbandness  parameter  /i 
(UWB  signal  is  understood  as  a  signal  which  parame¬ 
ter  fi  satisfies  to  the  condition  1  <  /i  <  2 );  minimal 
and  maximal  frequencies  of  spectral  density  function 
(SDF)  /min ,  /max  ;  the  central  frequency  of  SDF  fQ ; 

relative  position  of  a  maximum  of  SDF  ;  relative 
position  of  the  first  zero  of  SDF  y2 ;  relative  width  of 
SDF  on  a  level  -3  dB  y3 ;  relative  width  of  SDF  on  a 
level  -6  dB  y4 ;  information  losses  (dB),  observed  at 
rejection  a  component  with  frequencies  /^[o,z/j 

from  SDF  y5 ;  information  losses  (dB)  observed  at 
rejection  from  SDF  a  component  with  frequencies 
/  £  [/mte’/max]  %  >  coherent  amplification  ;  equiv- 

alent  noise  band  yg ;  maximum  side-lobe  level  (dB) 
7g ;  parasitic  amplitude  modulation  y10 ;  the  maxi¬ 
mum  conversion  loss  7  ;  And  uncertainty  constants 
on  time  and  hour-tote  which  are  defined  so 


A 


X 


xl/2 

dx 


U07 


1  00 

=  du’ 


LJ  -00 


A  = 


Iddi 


°° 

du 


1/2 


Time-frequency  localization  is  characterized  by  prod¬ 
uct  A  =  A  A  . 

X  id 


2.2.  Constructing  of  Orthogonal 
Kravchenko  Wavelets 


Orthogonal  Kravchenko  wavelets  on  base  of  atomic 
distributions  (l)-(4)  have  smooth  Fourier  transform  are 
proposed.  Their  construction  [6-10]  is  carried  out  by 
means  of  the  quadrature  mirror  filters  mQ  (u;) .  For 

maintenance  of  orthogonality  performance,  the  fol¬ 
lowing  conditions  in  transitive  area  are  necessary: 

|m0  +  |mQ  {uj  -  27t)|  =  2  . 


Fourier  transform  of  scaling  function  [4,  7]  is  de¬ 
fined  from  the  equation 


£ 


(5) 


Fourier  transform  of  wavelet  function  can  be  writ¬ 
ten  as 


(  \  1 

L O 

L O 

2 

V  / 

£ 

2' 

(6) 


where  g  (tu)  =  e  iU}mQ  [oj  +  7r) . 

In  Table  1  physical  characteristics  of  new  orthogonal 
wavelets  on  basis  of  w1  (xj  and  w2[x}  for  different 

values  of  scaling  of  argument  M  in  comparison  with 
Meyer  wavelet  for  the  support  [-6;  6]  are  resulted. 


2.3.  Quality  Functional  of  Wavelet- 
Basis  Choice  for  Analysis 
of  UWB  Signals 

It  is  proposed  to  apply  the  quality  functional  in  the 
analysis  of  the  UWB  signals  allowing  optimal  choice 
of  basic  wavelets  functions  in  such  a  form: 


iV 

j(^y)  =  E 


(7) 


where  ^(t)  is  wavelet  function,  y(t)  is  analyzed  sig¬ 
nal,  7^  and  7^  are  their  physical  characteristics,  and 
N  is  quantity  of  compared  parameters.  Here, 
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Table  1.  Physical  characteristics  of  Kravchenko-Koshi  and  Kravchenko-Gauss  wavelet  in  comparison  with 
Meyer  wavelet  for  the  support  [-6;6]. 


M 

% 

% 

74 

78 

% 

Tlo 

A. 

Meyer  wavelet 

1 

4,118 

3,126 

3,295 

4,148 

-42,184 

0,403 

1,127 

3,653  | 

Kravchenko-Koshi  wavelet 

0,8 

4,305 

3,107 

3,407 

4,660 

-50,510 

0,231 

0,910 

2,955 

0,9 

4,174 

3,107 

3,369 

4,308 

-47,468 

0,272 

0,960 

3,118 

1,0 

4,062 

3,126 

3,351 

4,024 

-44,151 

0,308 

1,008 

3,273 

1,1 

3,987 

3,126 

3,332 

3,788 

-42,226 

0,343 

1,053 

3,421 

1,2 

3,912 

3,126 

3,313 

3,584 

-41,112 

0,380 

1,096 

3,562 

Kravchenko-Gauss  wavelet 

0,8 

4,305 

3,107 

3,426 

4,689 

^19,653 

0,235 

0,905 

2,938 

0,9 

4,174 

3,107 

3,388 

4,336 

-46,744 

0,276 

0,955 

3,100 

1 

4,062 

3,126 

3,351 

4,052 

-43,402 

0,311 

1,001 

3,253 

1,1 

3,987 

3,126 

3,332 

3,817 

-41,411 

0,344 

1,046 

3,398 

1,2 

3,912 

3,126 

3,313 

3,615 

-40,279 

0,378 

1,088 

3,538 

7  =  /i  and  N  =  4  .  We  shall  consider  models  of  the 
following  UWB  signals  [3]: 


t,\  2 1 

( 

t 

2 

U  = - --exp 

— 

— 

V  >  T 

T 

V  / 

(8) 

(9) 


Here  H  (t'j 


0,  t<  0; 

is  Heaviside  function,  and 


sign  is  the  sign  function  of  argument 
(^sing  (f^j  =  2H^j  —  lj .  Their  plots  with  results  of  Krav¬ 
chenko  atomic  transformation  are  submitted  on  Fig.  4. 


Fig.  4.  Discrete  wavelet  coefficients  of  y1(tj  (a),  and 
y2[t]j  (b)  for  the  Kravchenko-Koshi  wavelet. 


3.  Conclusion 

New  constructions  of  Kravchenko  transform  based  on 
atomic  functions  (AF)  are  offered  and  proofed.  The 
physical  analysis  of  characteristics  of  the  new  Krav¬ 
chenko  transforms  is  carried  out.  It  is  shown  that  time 
and  frequency  properties  of  the  new  transform  are 
good.  Numerical  experiment  and  the  physical  analysis 
of  results  confirm  efficiency  of  new  Kravchenko 
transforms  in  problems  of  UWB  signal  processing. 
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Abstract 

In  this  report  the  new  analytical  Kravchenko  wavelet  based  on  atomic  functions 
[1-7]  for  spectral  estimation  of  UWB  are  proposed.  The  constmcted  wavelets  have  a 
compact  support  and  they  are  infinitely  differentiable.  It  is  shown  that  the  proposed 
wavelets  significantly  improves  the  quality  of  UWB  signal  spectral  estimations. 

Keywords:  atomic  functions,  wavelets,  ultrawideband  signals,  DSP. 


1.  Introduction 

Signals  can  be  set  in  the  form  of  some  linear  combina¬ 
tion  of  elementary  functions  [3-5] 

s(d  =  ’  o) 

k= 0 

where  p  (k,  x^j  is  an  elementary  function  of  number  k , 

and  N  is  quantity  of  the  functions  used  in  the  decom¬ 
position.  At  approximation  the  generalized  Fourier 
transformation  of  a  kind 

T 

C(k^  =  J*s(xj(p(k,xjdt  (2) 

o 

provides  the  minimum  value  of  mean-square  error.  Thus, 
there  is  signal  decomposition  on  some  basis,  which  in 
many  problems  of  digital  signal  processing  cannot  be  or¬ 
thogonal.  In  this  report  the  new  class  of  analytical  WA- 
systems  of  Kravchenko  functions  on  the  basis  of  the 
theory  of  atomic  functions  (AF)  [1-9]  are  constructed  and 
proof.  The  all  wavelet  conditions  [5-7]  are  satisfied  exact. 

2.  WA-Systems  of  Kravchenko 
Functions 

2. 1 .  Properties  of  Wavelets 

It  is  known  [2,6]  that  main  properties  of  wavelets  are 
localisation,  a  zero  average  and  automodeling  basis. 

1.  Condition  of  a  zero  average: 

oo 

J  2p{t)dt  =  0  .  (3) 

— oo 

2.  A  limitation  condition  in  time  and  in  frequency  areas: 

dt  <  OO  ,  f  |#*>)|  du>  <  OO  .  (4) 

3.  Self-similarity  of  basis.  A  characteristic  sign  of 
basis  of  wavelet-transform  is  its  self-similarity  as  all 
basic  functions  are  received  by  means  of  scale  trans¬ 
formations  and  shifts  from  same  initial  wavelet. 


2.2.  Wavelet  Transform 


Direct  continuous  transformation  of  one-dimensional 
signal  [2-6]  looks  like 


Wf(a,b)=  a 


1/2 


OO 

J 


t  —  b 


dt , 


(5) 


where  symbol  is  designates  complex  conjugation, 
is  wavelet-function,  a  is  scaling  parameter,  b  is 


shift  parameter.  If  function  ^(t)  is  real  then  the  wavelet- 


spectrum  Wf(a,  b )  is  real  too.  If  function  ip(t)  is  analyt¬ 
ical  and  complex  valued  then  such  wavelet  is  called  ana¬ 
lytical,  and  corresponding  continuous  transformation  is 
analytical  wavelet  transform.  Function  ^(t)  is  called 
analytical  [3,6]  if  its  Fourier  transform  equals  zero  for 
negative  frequencies  ip(u)  =  0  at  u  <  0  .  As  the  wave- 


let-spectrum  Wf{a,b)  for  an  analytical  WT  represents 
complex-valued  function  then  peak  |fV/(a,  6)|  and  phase 
arg  Wf(a,b )  characteristics  are  considered  separately. 


Presence  of  an  imaginary  part  is  the  basic  advantage  of 
an  analytical  WT  against  the  usual  transformation  as  the 
phase  characteristic  takes  into  account  the  additional 
information  about  signal  under  consideration. 


2.3.  Analytical  Kravchenko  wavelets 


The  expression  for  the  wavelet  function  has  the  fol¬ 
lowing  form: 


(6) 


1  ,(t-b) 


(7) 


where  w(tj  is  AF  [1-4],  A[r^  =  «i(r/y«;(o),  cand 

q  are  scaling  parameters,  a  is  the  dilatation  variable 
and  b  is  represents  time  shift. 
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For  example,  for  the  AF  ha(t^j  we  have 

oo  ~ 

a  (''/) = n sinc  t  ’  w 

k= 1  \a  , 

and 

A  f )  =  ha  f )  eXP  (^)  “  fl  sinC  “7  [•  (9) 

I  k= 1  JJ 

At  numerical  experiments  we  will  be  limited  to  a 

small  number  of  multipliers  of  infinite  product.  It  fol¬ 
lows  from  fast  convergence  of  function 
m  {  n 

am  M  =  Ilsinc  v  >  M  -(10) 

k= i  [a  )  M  00 


Let’s  define  a  relative  error  of  calculations  so 


In  table  1  values  E  (m)  for  a  =  2,  4  are  presented. 
Table  1.  Values  of  relative  error  norm  for  increas¬ 


ing  of  M  . 


2.4.  Physical  Characteristics  of  UWB 
Signals 

To  examine  wavelet-functions  and  analyzed  model 
UWB  signals  we  shall  use  the  following  [3]  modified 
physical  characteristics:  broadbandness  parameter  /i ; 
minimal  and  maximal  frequencies  of  spectral  density 
function  (SDF)  /  .  ,  /  ;  the  central  frequency  of  SDF 

fQ ;  relative  position  of  a  maximum  of  SDF  ;  relative 
position  of  the  first  zero  of  SDF  r)2 ;  relative  width  of 
SDF  on  a  level  -3  dB  y3 ;  relative  width  of  SDF  on  a 
level  -6  dB  y4 ;  information  losses  (dB),  observed  at 
rejection  a  component  with  frequencies  /  0  jo,z/]  from 
SDF  75 ;  information  losses  (dB)  observed  at  rejection 


from  SDF  a  component  with  frequencies  f  4  \f  .  ,  f 

r  l  j  7-  l^mm'^maxj 

76 ;  coherent  amplification  77 ;  equivalent  noise  band 
7g  ;  maximum  side-lobe  level  (dB)  7g ;  parasitic  ampli¬ 
tude  modulation  7  ;  the  maximum  conversion  loss  7n  . 

The  important  physical  parameters  of  wavelets  are 
uncertainty  constants  on  time  and  frequency  which  are 
defined  so 


Time-and- frequency  localization  is  characterized 
by  product  A  =  ArA^ . 

In  table  2  the  physical  characteristics  of  Kravchenko 
wavelets  are  resulted.  The  real  and  imaginary  parts  of 
new  wavelets  and  their  spectra  are  presented  on  Fig.  1-4. 


Fig.  1.  (a):  Function  xjjh  (t^j ,  (b):  its  spectra  for 
a  =  2,  r]  =  2tt  (solid  line  is  real  part, 


dashed  line  is  imaginary  one). 
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a  =  4,  rj  =  2tt  (solid  line  is  real  part, 
dashed  line  is  imaginary  one). 


3.  Conclusion 

Advantage  of  complex  WA-systems  of  Kravchenko 
functions  in  comparison  with  Morle  wavelet  is  exact 
performance  of  a  condition  of  a  zero  average  for  any 
value  of  modulation  parametre.  As  parent  AF  is  finit 

than  at  scaling  of  argument  the  kind  of  A[r^  does  not 
change.  If  to  put  77  =  v  ,  i  =  1,2,3,...  where  v  is 
zeros  of  77)  then  (6)  becomes  simpler.  The  con¬ 
structed  wavelets  have  a  compact  support  and  they  are 
infinitely  differentiable.  On  their  basis  the  2D  and 
orthogonal  wavelets  are  constructed. 
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Table  2.  Physical  characteristics  of  the  real  (Re)  and  imaginary  (Im)  parts  of  Kravchenko  wavelets. 


77 

a 

T 

% 

74 

V 

V 

% 

"Ao 

7U 

A 

7T 

Re 

2 

1,162 

0,852 

0,923 

0,992 

0,328 

2,373 

-18,421 

0,820 

4,572 

0,023 

Im 

2 

1,556 

0,587 

1,275 

0,857 

0,318 

2,521 

-24,209 

0,741 

4,756 

0,023 

Re 

3 

1,156 

0,865 

0,854 

1,000 

0,727 

2,077 

-14,011 

1,083 

4,257 

0,019 

Im 

3 

1,536 

0,604 

1,154 

0,858 

0,695 

2,275 

-17,582 

0,994 

4,564 

0,019 

Re 

4 

1,153 

0,878 

0,833 

1,000 

1,104 

1,992 

-12,353 

1,220 

4,213 

0,017 

Im 

4 

1,508 

0,612 

1,123 

0,878 

1,060 

2,161 

-15,869 

1,135 

4,482 

0,017 

Re 

5 

1,122 

0,891 

0,840 

1,022 

1,457 

1,960 

-11,413 

1,311 

4,233 

0,016 

Im 

5 

1,548 

0,604 

1,114 

0,854 

1,412 

2,087 

-15,586 

1,223 

4,418 

0,016 

Re 

6 

1,150 

0,870 

0,810 

0,989 

1,796 

1,944 

-10,890 

1,377 

4,263 

0,015 

Im 

6 

1,533 

0,609 

1,118 

0,870 

1,755 

2,036 

-15,711 

1,282 

4,368 

0,016 

27 T 

Re 

2 

1,187 

0,829 

0,992 

0,987 

0,331 

2,883 

-23,537 

0,556 

5,154 

0,019 

Im 

2 

1,350 

0,759 

0,947 

0,946 

0,318 

3,108 

-23,063 

0,509 

5,434 

0,018 

Re 

3 

1,115 

0,912 

0,817 

1,022 

0,607 

2,601 

-16,801 

0,701 

4,854 

0,017 

Im 

3 

1,008 

1,016 

0,786 

1,079 

0,632 

2,402 

-16,978 

0,822 

4,627 

0,017 

Re 

4 

1,041 

0,984 

0,759 

1,071 

0,903 

2,405 

-14,642 

0,837 

4,648 

0,016 

Im 

4 

0,844 

1,185 

0,745 

1,167 

0,955 

2,149 

-15,528 

1,023 

4,345 

0,016 

Re 

5 

1,008 

1,033 

0,719 

1,090 

1,238 

2,259 

-13,968 

0,941 

4,480 

0,015 

Im 

5 

0,791 

1,255 

0,704 

1,196 

1,296 

2,061 

-14,484 

1,160 

4,301 

0,015 

Re 

6 

0,959 

1,085 

0,684 

1,110 

1,588 

2,163 

-13,501 

1,020 

4,370 

0,014 

Im 

6 

0,750 

1,333 

0,679 

1,229 

1,641 

2,026 

-13,991 

1,256 

4,322 

0,015 
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Abstract 

One  type  of  UWB  modulation  is  multiband-based  and  is  accomplished  by  using 
multicarrier  or  OFDM.  In  the  media  with  time-frequency  dispersion  well-localized 
bases  ensure  the  best  signal  reconstmction.  Generalized  Weyl-Heisenberg  bases 
stmcture,  constmction  and  optimization  are  considered.  Presented  modeling  results 
confirm  good  localization  characteristics  for  optimal  parameters.  This  article  presents 
the  research  work  related  to  the  development  of  enhanced  modulation  technique  with 
Orthogonal  Time-Frequency  Division  Multiplexing  (OFTDM). 

Keywords:  OFDM,  OFTDM,  Weyl-Heisneberg  basis,  interchannel  interference, 
digital  modulation,  broadband  communication  systems. 


1.  Introduction 

Essentially,  ultrawideband  (UWB)  communications 
come  in  one  of  two  types  -  single-band  and  multiband. 
Impulse  radio  is  a  single-band  UWB  system.  In  impulse 
radio,  the  signal  that  represents  a  symbol  consists  of  seri¬ 
al  pulses  with  a  very  low  duty  cycle.  The  pulse  width  is 
very  narrow,  typically  in  nanoseconds.  This  small  pulse 
width  gives  rise  to  a  large  bandwidth  and  a  better  resolu¬ 
tion  of  multipath  in  UWB  channels  [1]. 

The  other  type  of  UWB  modulation  is  multiband- 
based  and  is  accomplished  by  using  multicarrier  or 
orthogonal  frequency  division  multiplexing  (OFDM). 
With  OFDM-based  modulation,  systems  can  effec¬ 
tively  deal  with  delay  spread  or  frequency  selectivity 
of  UWB  channels. 

Transition  over  wireless  channels  is  exposed  to  time- 
dispersion  and  frequency-dispersion.  OFDM  systems 
possess  high  spectral  efficiency  and  robustness  against 
multipath  fading  and  impulse  noise.  Incorporation  of 
cyclic  prefix  (CP)  eliminates  the  influence  of  time- 
dispersion  but  reduces  spectral  and  energy  efficiency.  In 
addition  CP  does  not  provide  protection  against  frequen¬ 
cy-dispersion  caused  by  Doppler  spread.  In  classical 
OFDM  systems  square  pulse  shaping  functions  are  used 
[1].  In  frequency  domain  they  have  the  form  of  sine  ( / ) 

(or  sin  (/)//)  function  which  has  rather  flat  tails  and  is 

not  localized  well  enough.  Frequency-dispersion  causes 
loss  of  orthogonality  between  subcarriers  and  result  in 
errors,  which  depends  critically  on  the  frequency- 
localization  of  the  transmitter  pulse  shaping  function. 

In  the  media  with  time- frequency  dispersion  well- 
localized  bases  ensure  the  best  signal  reconstruction 
[2,  3].  Utilization  of  such  bases  makes  it  possible  to 
construct  dens  signal  packages  in  time  and  frequency 


domain.  In  addition  reduced  number  of  guard  inter¬ 
vals  (or  CPs)  can  be  used  to  achieve  better  spectral 
and  power  efficiency.  Thus,  such  extended  modula¬ 
tion  can  be  named  OFTDM  (Orthogonal  Frequency- 
Time  Division  Multiplexing). 


2.  Generalized  Weyl-Heisenberg 
Bases 


2.1.  Description 


Generalized  Weyl-Heizenberg  bases  are  constructed 
by  uniform  shifts  of  one  or  several  initializing  (proto¬ 
type)  functions  in  time  and  frequency.  Such  bases  are 
used  for  construction  or  model  description  of  complex 
broadband  signals.  In  general  the  set  of  these  signals 
is  defined  as  the  linear  shell  over  Weyl-Heizenberg 
basis  functions. 

It  is  well  known  that  in  digital  communication  sys¬ 
tems  based  on  OFDM  transition  principal  to  achieve 
maximal  spectral  efficiency  is  possible  by  using  offset 
QAM  [2-4].  Consistent  with  this  type  of  modulation 

orthogonal  Weyl-Heisenberg  basis  S[j^]  and 


transmitted  OFTDM  signal  s  ( t )  in  discrete  time  can 
be  equivalently  presented  in  the  following  form: 


M— 1 

aM  =  E 

k= 0 

L—l 


L—l 


EcMMnl  + 


/=o 


+E  clMAn. 


1=0 


,71  E  J  M-) 


</M  =  4(n-ZM)  modJ 

.  27 r . 


•exp 


j  —  k(n  —  a/2 ) 
M  v  /  ' 


(1) 


(2) 
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Petrov  D.  A. 


^il[n]  =  -jg[{n  +  M  /2-lM) 

J^7k(n~a/2) 


mod  N 


•exp 


bIjn\  -  {^kAnWkAn\}’ 


(3) 

(4) 


where  sampling  period  A  =  1 .j  MKa^  ,  a j  is  dispersion 
of  the  initializing  function  g[n]  =  #[An]  in  frequency 
domain,  K  is  discretization  parameter;  ckl  =  Re(akl) 
and  c[x  =  Im  (ak  x)  are  real  and  imaginary  parts  of  ordi¬ 
nary  complex  information  QAM  symbols  ak  l ; 

s[n]  =  s[nTjMy,  JN  =  {0,1,...,N  -  l} , 

N  =  L  •  M ,  M  >  2  is  even  number  of  subcarriers, 
L  ^  0  is  natural  number;  a  is  a  phase  parameter. 

The  system  of  basic  functions  B  [  JN  ]  is  orthogon¬ 
al  in  terms  of  real  scalar  product  defined  on  the  Hil¬ 
bert  space  of  discrete  functions  on  JN 


N- 1 

(x[n],y[n])R  =  Re  J2  x[n]  ■  y  *  [n], 

n— 0 

where  *  is  the  sign  of  complex  conjugation. 

Equation  (1)  describes  the  modulation  algorithm  of 
OFTDM  signal  in  discrete  time.  Appropriate  demodu¬ 
lation  algorithm  has  the  form 

ck,i  =  (s[nW[n])*’c*,i  = 


2.2.  Synthesis 

It  is  well  known  that  time-frequency  localization  is 
limited  by  Heisenberg  uncertainty  relation 

Wr  >  V2>  (5) 


Re(U*U)  =  12N,  U  G  21 


it  is  necessary  to  find  an  optimal  matrix  U  t  which 
minimizes  the  following  functional: 


U 


opt 


:  min  G  — 

Ue2l 


(7) 


II  l|2 

where  G  is  the  Gabor  basis  matrix,  ||A||^  =  tr(AA*) 
is  the  Frobenius  norm  and  U  =  ( ,  U7 )  is  a 
N  x  2 N  block  matrix  of  basis  B  [  JN  ]  with  blocks 


,  U  j  -  square  N  x  N  matrixes  constructed  from 

columns  of  basic  functions  (2),  (3)  for  all  indexes 
k  =  0, ...,M  —  1 ,  l  =  0,...,T  —  1 . 

2.3.  Optimization 


Phase  parameter  a  is  included  in  the  problem  (7)  as 
the  parameter.  It  is  possible  to  enhance  the  basis  loca¬ 
lization  by  solving  the  following  extremal  problem: 

Problem  2.  It  is  necessary  to  find  such  aopt  that 
minimizes  the  following  functional: 


aopt  : 


min 

ccGM 


G  a  -U 


opt 


(8) 


This  problem  can  be  analytically  solved  if  forming 
function  g\n\  is  conjugate  A -symmetrical 

g[n}  =  ff*[(-AodJV]-  In  this  case 
=  M/2-1. 

It  was  also  found  that  the  quality  of  localization  is 
strongly  influenced  by  the  choice  of  discretisation 
parameter  K . 

Problem  3.  It  is  necessary  to  find  such  K  t  that 
minimizes  the  following  functional: 


where  a ^  =  2tt  a  j  and  a  r  corresponds  to  function’s 

dispersion  in  frequency  and  time  domain  respectively. 
Expression  (5)  becomes  an  equality  only  for  a  Gaus¬ 
sian  function 


K 


opt 


min 

KeR 


G  K  — U 


opt 


2 

E 


(9) 


This  problem  was  solved  numerically  for  isotropic 
case. 


) 


exp(-7RT0f2), 


where  a0  is  localization  governing  parameter.  In  iso¬ 
tropic  case  crT  =  (7j  =  1 / 4~4tt  and 


g™ot  [n\  =  2/4  exp 


27 rn 
~MK 


(6) 


Unfortunately  WH-basis  constructed  from  (6)  (Gabor 
basis)  will  not  be  orthogonal.  Thus,  the  following 
problem  [5]  should  be  solved: 

Problem  1.  On  the  subset  21  of  complex  matrixes  of 
size  N  x  2 N ,  which  satisfy  orthogonality  condition 


3.  Modeling  Results 

Any  shifts  of  phase  parameter  from  the  optimal  value 
leads  to  loss  of  symmetry  of  basic  functions.  In  addi¬ 
tion  side  lobes  increase  (Fig.  2).  For 
a  >  aopt  =  Mj2  —  1  lobes  increase  from  the  left 

and  for  a  <  aopt  -  from  the  right. 

In  isotropic  case  K  t  «  2.5.  It  is  important  that 

this  value  doesn’t  depend  on  basis  parameters  M  and 
L  .  Any  shifts  from  the  optimal  value  also  leads  to  the 

loss  of  localisation  in  time  K  >  Kotp  or  frequency 
K  <  Kopt  domain  (Fig.  1). 
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UWB  Signals  Constructed  from  Generalized  WH  Bases 


0  100  200  300  400  500  0  100  200  300  400  500 

samples  normalized  frequency 


0  100  200  300  400  500  0  100  200  300  400  500 

samples  normalized  frequency 


Fig.  1.  Time  (from  the  left)  -  frequency  (from  the  right)  localization  of  WH-basis  initializing  function  (black 
dots)  for  several  values  of  discretization  parameter  K .  Gaussian  function  -  grey  curves. 


0.35 


- a=M/4-l 


0  50  100  150  200 

Samples  n 


Fig.  2.  Optimal  basic  function  for  a  ^  a  t . 

4.  Conclusion 

Received  results  present  the  practical  way  of  well- 
localized  WH-bases  utilization  for  UWB  communica¬ 
tions. 
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Abstract 

The  analysis  of  the  scattering  problem  and  the  generation  of  the  third  harmonic  by 
excitation  by  a  plane  wave  passing  a  non-linear,  isotropic,  cubically  polarisable,  non¬ 
magnetic,  linearly  polarised  (E  polarisation),  layered  dielectric  stmcture  is  carried 
out.  Results  of  the  numerical  investigation  of  both  the  values  of  the  non-linear  dielec¬ 
tric  constants  corresponding  to  given  amplitude  of  the  incident  field  and  of  the  scat¬ 
tered  and  generated  fields  are  presented. 

Keywords:  Resonance  scattering,  cubic  polaris ability,  generation  of  waves. 


1.  The  Scattering  Problem  and  the 
Generation  of  the  Third  Harmonic 


Consider  the  scattering  problem  and  the  generation  of 
the  third  harmonic  by  excitation  by  a  plane  stationary 
electromagnetic  wave  on  a  nonmagnetic,  isotropic, 
transversely  inhomogeneous,  and  linearly  polarized 

E  =  (£,,0,0) ,  H  =  (o, H  ,Hz^j  (E-polarization)  the 
time  dependence  is  exp  i^—inuo  t j ,  with  vector  of  cub¬ 
ically  polarization  =  (pjNL),  0,  o)  nonlinearity 

layered  dielectric  structure,  see  Fig.  1. 

The  analysis  of  the  diffraction  problem  of  the  plane 

wave  E7nc  (ft;  y ,  z)  =  a™  exp  ^Ky  —  T  (^z  —  27r<5)] j 

on  the  nonlinear  structure  with  the  Kleinman  relation 

[1,  2]  (lft)  =  X^  (2ft)  =  X^  (3ft)  =  X^ 

L  7  J  /y-xxxx  \  )  /y-xxxx  \  )  /y-xxxx  \  )  /y-xxxx 


use  is  reduced  to  system  of  boundary  problems  [3-5] 


V2  +  ft\  [z,  a  (z) ,  Ex  (ft; y,  z] , Ex  (ft;  y,  z) 
xEx(n;y,z)  =  0, 

V2  +  (3k)2  e3n  (z,  a  (0) ,  Ex  (3k;  y,  z] ,  Ex  (3k;  y,  z ) 


x  Ex  (3 K-,y,z)  =  ~a(z)  (3k)2  Ej  (k;  y, z ) , 


(1) 

with  generalized  boundary  to  conditions  for  the  com¬ 
plex  Fourier  amplitudes  of  the  full  fields  of  scattering 


and  generation  Ex[nK,y,z^  =  <53E7nc  (nft;  y,  z'j  + 
E8™1  (nft;  y,  z)  (where  6™  Kronecker  delta): 

Ets  (nft;  y,  2)  and  iftg  (nft;  y,  z)  continuous  on  bond¬ 
ers  of  layers  of  nonlinear  structure  £  ; 

J  nn  7 

condition  of  spatial  inhomogeneity  on  y ,  i.e. 
Ex  (hk;  y,z}  =  U  (rwc;  z)  exp  (i$nKy) ; 
condition  of  phase  synchronism  of  waves 
=  n  •  <f>  ,  n  =  1,  3  ,  where  =  nft  sin  6  ; 

TIK  K  7  17  UK  '  71K,  7 

and  radiation  conditions  for  the  scattered  and  genera¬ 
tion  field 


ET  (™-,y,z) 

\ascat] 

\  TIK  \ 

/ 

j^scat 
[  UK  J 

'  exp| 

here  T 

rm 

=  ^/W2-u  >°> 


n  =  1,  3. 


1  z 

\  N 

2nd  e  =£m+£<m  V 

UK  UK  \ 

'  o  )  y  1 

X  \ 

\ _ — " 

-2nd 

Fig.  1.  The  nonlinear  dielectric  layered  structure. 
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From  the  conditions  of  spatial  inhomogeneity  fields 
and  homogeneity  structure  on  y  follows  the  condition 
of  phase  synchronism  of  waves  <F  =  n  •  , 

n  =  1,  3  .  This  condition  allows  defining  also  comers 
of  waves  leaving  from  a  layer  d>scat  =  —  6  in  a  ref- 
lection  zone  z  >  2tt8  and  d>scat  =  7t  +  6  in  a  zone 

'TIK  '  UK 

of  passage  of  a  nonlinear  stmcture  at  z  <  —2ty8  . 
From  it  the  condition  d>  =  6  also  follows. 

'  71K  '  K 

We  look  for  the  solution  to  problem  in  the  form: 

Ex  [nn\y,z]  =  U  (ynK,-,z)e't™y  = 

Ll  inc  U  , 


To  similarly  results  [3-6]  we  solve  problem  (1)  by 
reducing  it  to  a  one-dimensional  system  nonlinear 
integral  equations  with  respect  to  the  scattered  field 

components  U  in^z]  (see  (2))  in  a  nonlinear  layer 


U(n^z)  +  ——  f  exp [iFnK  \z-zQ\)x 


x[1-^.  [z0^[z0),U[k-Z0),U[3k;z0)^X 
xU(nK;z0)  dz0=61UmcU;z)  + 


Ex  {riK,; y,zj  =  U [uk; z) e  = 

n  UK 

+a^K^n,(^)\  z>2ir6 

-  J  UK  ’  7 

U  (uk,]  z ,  |^|  <  2  7T  6, 

&scat  e<[*«.»-r„-(*+Hl  z<-2nS. 

nn  ’ 

U  (nK;2n6)  =  S1a  inc+  a scat, 

\  7  /  n  riK  nK  7 

u[nK,--2it8)  =  bs™\  nm  1,3. 

2  _  O  2  /o  2  ,  O  2  /q  2  _ _ • 


UynK,;zje  nK\ 

7  SCat  _^nK,y~ 


Where: 
Here  V2 


dimensionless  frequency  parameter  such  that 
hjl  =  2k8  ,  where  A  is  the  free-space  wavelength;  c  is 
the  dimensionless  quantity  equal  to  the  speed  of  light  in 
the  medium  containing  the  layered  stmcture;  n  H 
-  are  tangential  fields  components  on  the  layer  boundary; 
4U  =  k  •  sin  <j>  ,  (f>K  -  is  the  angle  of  incidence  of  the 
plane  wave  on  frequency  k  ,  |  cj>  \  <  tt  /  2  . 

Dielectric  permeability  problem  is 
s  =  £(l)  -b  e^NL) ,  at  \z\<  2ty8  and  6  =  1 ,  at 

|  2:  |>  2i t8  ;  for  the  nonlinear  layer  at  |z|  <  2tt8  is  [3] 

£„K  h  « (T  L  («;  y> z )  >  Ex  (3k;  z))  = 


+sn— —  J  exp  y  @  zg  |  j  x 

°  1  3k  -2tt6 

xa  (Aj)[^  (^;^0 )]  dz{]  ,  |z|  <  27t<5,  n  =  1,  3. 

System  (4)  and  the  problem  (1)  (just  as  in  [3])  are 
reduced  to  system  of  nonlinear  boundary  problems  of 
Sturm-Liouville  type 

|  d2  j dz2  +  r2^  —  (W)  2x 

x\l—£  (z,a(z),u(hi]z),u(3K,]z))  1  }x 


/  \  ,  (3d2 

/  \  r  /  \  1 3 

uj  =  kc  is  the  di- 

.  / o  _  /  \  :  „  _ 

xU  (m;  zj  =  63  y  1  c 
3 

b9rb9]  - 

H 

-  dj  dzjU  {uk; 2tt8j  =  E2 iV  Umc  [^2tt8 

-  d/dz)u(nK:—  2^8]  =  0;  n  =  1,  3. 


On  the  basis  of  outcomes  reduced  in  [3],  the  solution 
(5)  can  be  received  a  finite  element  method. 

2.  The  Numerical  Analyses  of 
Scattering  and  Generation 

The  numerical  analysis  of  resonant  scattering  and 
generation  of  the  third  harmonic  is  presented  further. 
Let’s  consider  nonlinear  dielectric  layered  stmcture 

£  {z,a(z),u(K-,z),u(3K;z))  =  A  +  UL*  (see 


=  e  (z,a(z  ),U  (k-,z  ),U  (3k;  z  =  sy  1  iz  + 


+a  z)\  U  k; 


(3)),  with  | A  b),a(z)J  = 


U  3k:z)\  +S1\U U:z  x 


x  |?7  (3k;  exp  |  i  3  arg  U  (k;  z)  +  arg  U  (-3k;  2 

e(L)  (2)  =  1  +  4ttx2  (2)  -  a  (z)  =  3Ai  (4  • 


=  16,  cc  =  ay  j,  z  G  2tt8,  — 27T(y3j 
=  64,  a7  =  a7  0 1 ,  ^  G  [-2tt<5/3,  2^/31 


^  0,04 


40 

60 

0,  80 


10  < 


Fig.  2.  Relative  part  of  energy  generated  in  the  third 
harmonic. 


=  16,  a  =  a3  L  z  G  (27r<5/3,  27t^ 


Parameters  of  considered  stmcture:  cy  =  cy  =  0.01 , 
a;  =  —  0.01 ;  ^  =  0.5.  The  frequency  of  incident 
field  of  the  plane  wave  is  k  =  0.25  . 

Let’s  designate  W  =  |ascat|  +  Uscat  I  full  energy 

nn  nK,  nK  C’J 

of  scattering  field  on  frequency  tik  ,  n  =  1,  3  .  So  W 

the  full  energy  scattered  on  frequency  k  ,  W3k  the  full 
energy  generated  on  frequency  3k  .  The  ration 
WjWK  characterizes  relative  part  of  energy  gener¬ 
ated  in  the  third  harmonic  at  the  value  amc ,  see  Fig.  2. 
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In  particular,  /  WK  =  0.132  at  a™  =  38 ,  i.e. 
W3k  energy  generated  in  the  third  harmonic  makes 
13.2%  of  energy  WK  . 

Presented  on  a  Fig.  3  (curve  5)  and  Fig.  4  function 
Im(e  )  characterizes  energy  losses  in  the  nonlinear 
layer  (on  frequency  n  of  excitation)  left  on  genera¬ 
tion  of  an  electromagnetic  field  of  the  third  harmonic 
(on  frequency  3  k  ).  Let's  notice,  that  on  frequency  3 k 
nonlinear  dielectric  permeability  s3k  is  real,  see  Fig.  3 
(curves  6,  7)  and  (3). 

Scattering  (on  frequency  k  )  and  generating  (on  fre¬ 
quency  3k  )  properties  of  nonlinear  structure  are  resulted 
in  Fig.  5.  Here  coefficients  reflection  at  n  =  1  (or  gen¬ 
eration  at  n  =  3)  R  =|ascat|  /|amc|  in  zone 

y  nn  me  /  k 

z  >  2ttS  and  transient  for  n  =  1  (or  generation  for 

n  =  3  )  T  =  |frscat|  /|amc  I  in  zone  z  <  —2i t6  . 

The  results  of  the  numerical  analysis  are  received 
with  use  of  the  iterative  scheme  for  (4)  on  a  basis  of 
Simpson's  quadrature,  see  [3].  Systems  of  the  equa¬ 
tions  considered  at  dimension  of  the  algebraic  equa¬ 
tions  of  the  501  order,  the  relative  error  of 

calculations  did  not  surpass  value  10“7 . 

4.  Conclusion 

The  dependence  characterizing  the  portions  of  generated 
energy  in  the  third  harmonic  on  the  value  of  the  ampli¬ 
tude  of  the  excitation  field  of  the  non-linear  structure  is 
investigated.  Within  the  framework  of  the  closed  system 
under  consideration  it  is  shown  that  the  imaginary  part  of 
the  dielectric  constant,  determined  by  the  value  of  the 
non-linear  part  of  the  polarization  at  the  excitation  fre¬ 
quency,  characterizes  the  loss  of  energy  in  the  non-linear 
medium  (at  the  frequency  of  the  incident  field)  due  to  the 
generation  of  the  electromagnetic  field  of  the  third  har¬ 
monic  (at  the  triple  frequency). 
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INHOMOGENEOUS  BICONICAL  LINE 
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Abstract 

Propagation  of  a  transient  wave  in  a  radially  inhomogeneous  biconical  line  is  con¬ 
sidered  in  the  time  domain  using  mode  basis  method.  The  line  is  excited  by  impulse 
waveform  current  in  a  ring.  Dependence  of  cutoff  frequencies  on  the  line  geometry 
and  dielectric  filling  are  studied.  The  possibility  to  increase  the  radiating  signal  am¬ 
plitude  via  introduction  of  radial  layered  dielectric  filling  is  shown. 

Keywords:  Biconical  line,  impulse  signal,  time  domain,  spherical  harmonics. 


1.  Introduction 

Antennas  based  on  biconical  lines  are  traditionally 
used  for  receiving  and  radiating  transient  signals.  It  is 
explained  by  the  fact  that  the  TEM  wave  has  no  dis¬ 
persion  in  this  line.  In  biconical  lines  TE  and  TM 
waves  can  also  exist.  In  the  paper  non- stationary  TE- 
wave  propagation  in  a  regular  radially  inhomogeneous 
biconical  line  is  considered. 

2.  Problem  Statement 

There  is  an  unsymmetrical  biconical  line  with  radially 
inhomogeneous  filling.  Two  circular  cones  with  the 
common  vertex  form  this  line.  The  space  between 
them  is  filled  with  radially  inhomogeneous  magneto¬ 
dielectric  medium.  On  the  surface  of  the  cones  are 
imposed  boundary  conditions  that  correspond  to  per¬ 
fect  electric  conductor  (PEC).  In  the  spherical  coordi¬ 
nate  system,  the  circular  cone  is  the  coordinate 
surface.  The  first  and  second  cones  are  defined  via  the 
equations  6  =  01  and  6  =  02,  respectively.  The 

geometry  of  the  problem  is  shown  in  Fig.  1.  The  line 
is  excited  by  the  transient  ring  current  of  the  following 
form: 

=  0oS(r  -  R)S(6  -  7r/2)/(i).  (1) 

Here  0O  is  the  azimuth  ort  of  spherical  coordinate 
system,  <*>(•)  is  Dirac  delta- function,  R  is  the  ring 
radius,  f(t)  is  some  arbitrary  function  dependent  on 
temporal  variable.  For  numerical  calculation  Laguerre 
impulse  is  used 

f(t)  =  (t/Tf(l-t/3T)exV(-t/T),  (2) 

where  T  is  the  scale  factor. 


Fig.  1.  An  unsymmetrical  radially  inhomogeneous 
biconical  line. 


3.  Problem  Solution 

In  order  to  solve  the  problem  under  consideration  the 
Mode  Basis  Method  is  used  in  spherical  coordinate 
system  [1,  2].  Within  the  framework  of  the  method, 
the  sought  electric  field  in  the  line  can  be  presented  as 
follow: 


E(r,9,t ) 


J/2 


E 

T  m= 1 


MO  d$m(0) 


de 


.(3) 


Solution  (3)  is  obtained  in  the  form  of  expansion  over 
spherical  harmonics  depending  on  the  angular  varia¬ 
ble  only.  Functions  em  (r,  t) ,  which  are  dependent  on 

the  radial  coordinate  and  time,  are  so-called  mode 
amplitudes.  Basis  functions  (spherical  harmonics)  are 
determined  as  follow: 

M)  =  Cm\Km  MU  -  fA,  H(U] -(4) 


Here  Pv  (•)  and  Qv  (•)  are  the  associated  Legendre 
functions  of  first  and  second  kind  respectively,  and 
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constants  (7  are  found  from  the  normalization  con¬ 


dition 


1  2 

-f^m(e)K(e)sm(0)do  =  sn 


and 


B . 


dPv  (cos(6>)) 


dB 


UQV  ( cos  ( 0 ) ) 


dB 


Real  numbers  vm  are  solutions  of  the  following  dis¬ 
persion  equation: 


A  ( A0 )) 

dQ„m(cos(9)) 

de 

de 

0=91 

e=e1 

dKm  ( cos{° )) 

dQVm(cos{e)) 

de 

de 

e=e2 

e=e2 

=  0 .  (5) 


The  expansion  coefficients  satisfy  the  following  linear 
second  order  PDE  with  r  -dependent  coefficients 

e(r)  and  fi{r) : 
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An  An  ,  1  dfide„ 
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P2men 


dr 2  M  dr  dr 


M0  ^ 


2Am  (Bn  +  0  ° 


</V 


(9J 


(6) 
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-sin(#)d# 


Where  r  =  <A ,  c  is  the  light  velocity  in  vacuum. 

This  equation  is  solved  by  the  finite  difference  me¬ 
thod.  At  the  first  step,  the  continuous  function  is  re¬ 
placed  by  its  discrete  analogue: 

em  ( ' r>  T  )  -*•  em  |  •  =  em  (  *Ar>  -?At  )  (7) 

Next,  on  the  same  grid,  the  finite  difference  approxi¬ 
mation  is  used  to  define  derivatives: 
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dr2 

d2u 

dr2 


du 

dr 

j 


j 

J 

u  —  u 

i+1  , 

i 

2Ar 

j 

i — 1 


H+i  2u\ 


j 

'  i-l 


A  r2 

u\J+1  —2  u\{  +  u\{ 


(8) 


At2 


Substituting  (7)  and  (8)  into  equation  (6)  leads  to 
the  following  explicit  finite-difference  scheme: 


lift 


=«,k; 


A  do 
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i-l 
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-ef  r1  +FP 
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Where  ax  |.  =  2  -  (AT2/e|.  ^  Ar2)(2  +  p^/f2), 

«2  L  =  ( A  AAr  s | ,  M | , )  ( l/Ar  -  \ .  fa \ . ) , 

a3 1  =  ( ArVAr  e  U  L )  ( VAr  +  \i  /2 »  L )  ’ 
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4.  Numerical  Results 

Using  formula  (3)  the  electric  field  strength  in  the 
biconical  line  with  arbitrary  radially  inhomogeneous 
magnetodielectric  filling  can  be  founded  in  any  space 
point  and  time  instant.  In  order  to  calculate  the  elec¬ 
tric  field  in  the  infinite  sum  it  is  necessary  taking  into 
consideration  the  finite  number  of  propagating  modes 
only.  Really,  for  each  wavenumber  k  and  for  each 

sphere  fixed  radius  RQ  only  finite  number  of  propa¬ 
gating  modes  is  existed  inside  this  sphere.  The  residu¬ 
ary  modes  are  exponentially  evanescent  modes. 
Therefore,  the  influence  of  such  modes  can  be  neg¬ 
lected. 

In  all  presented  numerical  results  only  initial  ten 
terms  in  formula  (3)  are  taken  into  consideration.  In 
accordance  with  the  results  of  the  paper  [3]  it  is  more 
than  enough  to  calculate  fields  with  error  less  than 
1%. 

In  Fig.  2  the  temporal  dependencies  of  the  electric 
field  strength  in  both  homogeneous  and  radially  in¬ 
homogeneous  biconical  line  are  presented.  This  de¬ 
pendences  was  calculated  in  space  point 

1 1 1  i?,  a  j  2 ,  <p  J  .  The  transmission-line  parameters  are 

6X  =  7t^4  ,  02  =  37 xj 4  .  In  the  calculations  the  prob¬ 
lem  parameters  are  chosen  as  follows:  ring  radius  is 
R  =  1 ,  temporal  scale  factor  is  T  =  Rj c  .  The  ho¬ 
mogeneous  line  is  filled  with  vacuum.  The  radially 
inhomogeneous  biconical  line  is  filled  with  nonmag¬ 
netic  medium  with  piecewise-constant  permittivity.  In 
other  words,  both  the  vertex  of  the  cones  and  the  ring 
current  are  shielded  with  a  spherical  dielectric  layer. 
Impulse  wave  propagation  in  such  line  reminds  radia¬ 
tion  from  dielectric  cavity. 

It  follows  from  Fig.  2  that  the  amplitude  of  the  first 
impulse  in  inhomogeneous  line  is  greater  than  the 
impulse  amplitude  in  homogeneous  line  with  the  same 
geometrical  parameters.  This  is  explained  by  the  fact 
that  the  transient  current  source  excites  both  propagat¬ 
ing  and  evanescent  modes.  Evanescent  modes  decay 
in  the  pulse  propagation  thereby  the  initial  pulse  am¬ 
plitude  reduces.  The  cutoff  frequencies  decrease  with 
increasing  the  radial  coordinate  also.  In  other  words, 
the  evanescent  modes  become  propagating  modes.  In 
this  case,  all  the  excited  modes  are  propagating  in  the 
line  without  filling  in  R  =  5  .  The  introduction  of  the 
dielectric  filling  nearly  sources  reduces  the  cutoff 
frequencies  and  leads  to  much  less  attenuation  of  the 
excited  impulse.  The  electric  field  spectra  are  shown 
on  Fig.  3.  The  dashed  line  corresponds  to  the  first 
transmitted  pulse.  The  field  strength  range  is  designed 
in  the  radial  inhomogeneous  line  for  the  first-past 
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Fig.  2.  The  dependences  of  electric  field  strength  on  time  are  calculated  in  biconical  in  space  point 
j  1  If?,  71^2 ,  cp  J ;  transmission-line  parameters  0X  =  7t j 4 ,  02  =  37 vj 4  . 


Fig.  3.  The  spectra  of  electric  field  strength  are  calculated  in  biconical  lines  in  space  point  { 1  If?,  7r/ 2 ,  J ; 
transmission-line  parameters  01  =  7r/ 4 ,  02  =  37 t/ 4  . 


momentum.  The  curves  presented  in  Fig.  2  -  Fig.  3 
demonstrate  the  possibility  of  increasing  the  band¬ 
width  of  the  transmission  line  by  introducing  an  in¬ 
homogeneous  filling. 

5.  Conclusions 

The  proposed  new  approach  based  on  the  mode  basis 
method  allows  to  calculate  effectively  the  transient 
fields  in  conical  transmission  lines  with  inhomogene¬ 
ous  filling.  In  the  framework  of  this  method  the  fields 
in  a  homogeneous  and  radially  inhomogeneous  bicon¬ 
ical  transmission  line  is  calculated.  As  a  result,  the 
possibility  of  increasing  the  broadband  of  the  trans¬ 
mission  line  is  shown  via  introducing  partial  filling 
without  changing  the  geometrical  dimensions. 
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Abstract 

The  algorithm  of  optimum  estimation  the  spatially-distributed  parameters  of  fields 
of  own  radiation  as  functions  of  spatial  coordinates  is  synthesized.  This  algorithm  are 
received  with  reference  to  stationary  multichannel  radiometers  with  the  arrays  di¬ 
rected  on  investigated  environments,  and  processing,  which  is  characterized  for  sys¬ 
tems  of  aperture  synthesis.  Feature  of  processing  -  application  of  transformations  Vp 

and  V~l  and  reception  of  algorithms  and  stmctures  of  systems  of  broadband's  and 

super-broadband’s  radiation  processing,  in  situations  when  the  condition  space-time 
bandlimitedness  is  not  carried  out. 

Keywords:  Optimal  wave  fields  processing,  ^-transformations,  aperture  synthesis. 


1.  Introduction 

The  report  investigates  possibilities  of  synthesis  of  algo¬ 
rithms  optimum  estimation  the  spatially-distributed  para¬ 
meters  of  fields  of  own  radiation  in  the  form  of  functions 

of  spatial  coordinates  $  ==  ,  ft  )  (cos  0x ,  cos  6  ) ,  i.e. 

A  =  A(d) ,  and,  in  particular,  radio  images  of  terrestrial 
covers  in  the  form  of  spectral  brightness  B(4)  or  radio¬ 
brightness  temperatures  T&r  (tf) .  This  algorithm  is  re¬ 
ceived  with  reference  to  stationary  multichannel  radiome¬ 
ters  with  the  arrays  directed  on  investigated  environments, 
and  processing,  characteristic  for  the  systems  of  the  aper¬ 
ture  synthesis  [1]  which  have  gained  the  greatest  distribu¬ 
tion  in  radio  astronomy.  Is  offered  to  use  of  transforma¬ 
tions  VF  and  V~l  for  reception  of  algorithms  and  struc¬ 
tures  of  systems  of  processing  of  broadband  and  super¬ 
broadband  radiation,  in  situations,  when  a  condition  space- 
time  bandlimitedness  (STB)  is  not  carried  out. 

2.  Algorithm  Synthesizing 

2.1.  Initial  Data 

Watch  equations  for  cases  of  reception  of  fields  of 
own  radiation  of  surfaces  the  spatially-distributed  an¬ 
tenna  systems  look  like: 

(t,  r')  =  |ii  kE(t,  r')||  =  u(t,  r',  A)  +  n(t,  r') ,  (1) 


where  ii(t,  r',X)  ^||Mjfc(i,r,,A)||  “  the  registered 

process  containing  both  useful  making,  and  noise 
making  (an  external  background,  illumination  with  the 
sky,  atmospheric  noise)  which  cannot  be  separated  on 
an  input  of  registered  system  and  participates  further 
in  optimum  processing  together  with  the  useful; 
n(t,r')  =  ||nA;(t,r/)||  -  the  space-time  white  noise 

playing  a  role  of  the  regularizing  additive  (it  is  entered 
on  exits  of  devices  with  frequency  characteristics 
K(j27rf)  in  front  of  devices  of  optimum  processing); 

k  —  \K  -  quantity  of  registering  elements  of  recep¬ 
tion  system  ( K  should  be  more  than  number  of  esti¬ 
mated  parameters  A  =|  |  A^  1 1 );  t  E  (0,  T)  -  observa¬ 
tions  time;  r'  =  E  D'  -  a  vector  characteriz¬ 

ing  position  of  elements  of  reception  antenna  system. 
The  spectral-angular  density  of  complex  amplitude 

Ak  (•)  and  spectral  brightness  B}  (•)  taking  into  ac¬ 
count  K(j2nf)  and  directional  pattern  (DP) 
Fa  ($  —  &  ,  /)  of  the  elementary  aerials  look  like 

4(7/,  A)  =  K(j2wf)FA0  -  A) ,  (2) 

Bk{l  f, A)  =  \K(j2nf)f  | Fa0  -  30,f) [  Bjfi,  f, A),  (3) 

where  i?  -  direction  of  the  maximum  of  DP. 
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Correlation  function  R  (Ar',r,\)  (mutual- 
coherence  function  T  (Ar\r,  A) )  of  the  process 


\Fa0-$o)JM  f  I k(r',f)exp{— i2irf3r'  /  c)dr'}  |2, 


u(t,r',  A)  we  will 

transformations  [2-4] 


express  through  V 


Rk(Ar',T,\)  =<  u(tvrk,\)u* > 


(4) 


(5) 


(6) 


=  VF-1[Bk($,f,\)]  =  rk(Ar',T,\). 

Spectral-angular  density  of  complex  amplitudes 

Ajlf,\)  =  AkI0,f,X)  = 

=  AkD(lf,X)  +  AkBg(lf) 

and,  accordingly,  spectral  brightness 

Bok0J,X)  =  Bkl(lf,xym 

=  Bjlf,X)  +  BkBg(lf), 

contain  such  noises  as  an  external  background,  noise 
of  illumination  by  the  sky,  atmosphere,  clouds  and 
others,  and  also  noise  entrance  registering  devices 
which  then  are  filtered  on  time  and  spatial  frequencies 

by  functions  if(-)  and  F(-)  together  with  useful  sig¬ 
nals  of  radiation.  Background  composed  BkBg(fi,f) 

brings  the  basic  contribution  in  a  noise  component  of 
the  accepted  fluctuation.  Illumination  radiation  usually 
include  in  useful  components. 

Correlation  matrix  of  noises 

\\raa^\= 

=  diag\(Nokl2)8(t1  -  t2)6(r' -  r/)}.  1 

where  6  -  delta  function;  Nok  /  2  -  spectral  density 

of  capacity  of  noises  in  k  -th  receiver. 

Signal  on  an  exit  of  a  linear  path  k  -th  of  receiver 

of  radiometer  uk(t, A)  for  distant  Fraunhofer  zone 
taking  into  account  peak-phase  distribution  Ik  (r‘ \  f ) 

oo  , 

uk(t,X)  =  f  K(i2irf)uk(t,f,X)df  = 

0 

oo  .  .  . 

=  /  K(j2nf)J  Ik(r\ /)/ Aok(0,  f,  X)  x  (8) 

0  D'  0 

x  exp  | j2ivf(t  —  fir' c  ^  )|  dddrdf. 

Then 

Rum (h =  Rk (tv 4  J)  +  °> 5N0k -  K )  >  (9) 

where 

=<  >  •  (10) 

Substituting  (9)  in  (10)  and  considering,  that  for  not 
coherent  sources 

<\k0vfv  wAjJ)>= 

=  Bok0vf1,X)6(f1-f2)6(31-i), 

and 


we  receive  the  spectral  representation  of  correlation 
function  corresponding  to  Wiener-Khintchine  theorem, 

Rk(t1,t2,X)  =  F-1[Gk(f,X)}, 

where  a  power  spectrum  (bilaterial) 

Gk(f,X)  =  \K(j2nf)\2  BM0o,f,X)-, 

=  fBjlf,X)\FA(d-d0,f)\dd 


(11) 

(12) 

(13) 


-  antenna  spectral  radio  brightness;  F~l  -  inverse 
Fourier  transformation. 

According  to  Rayleigh-Jeans  law  connecting  power 
brightness  with  temperatures  of  aerial  TAk  and  radio¬ 
brightness  TBr  k ,  we  have 


BAk(do,f,X)  =  2KTAk(0oJ,X)  f/c>  = 

1 

—  i 
2 


1  ......  ,2  .  (14) 

=  -kfc-ifTBrk(#J,X)\FA(ti-#0),f\  d0. 


(15) 


where 

Bot(lf,X)  =  Bjlf,X)  = 

=  BkD0o,f,X)  +  BkB- 
TBrk0,f,X)  =  TBrkl0,f,X) 

=  TBrkD0vf0)  +  TBrkBg- 

2.2.  Algorithm  Synthesizing 

Let’s  receive  algorithms  of  optimum  estimation  of  the 
spatially-distributed  parameters,  equating  to  zero  varia¬ 
tion  derivative  of  the  likelihood  functional’s  logarithm: 

,51nP[4(i,r,)/A(^)]/a^)  =  0. 

Believing  processes  ||ixA;Z(t,f/)||  are  Gaussian  and 

independent  among  themselves,  we  will  receive  sys¬ 
tem  of  the  likelihood’s  integrated  equations  of  which 
can  look  like 


K  „  oo 
k—1 


dXM) 


7  ~  fl  m-fM-fA) 

X  f  "T - 


— oo 


(16) 


£  ^  fk  dBk0fvA,m}/  dX^) 

-  E  J  %  —  -  -  -  -  x 

k—1 


B\0fvY0)] 

x|4»()m4)|  . 

where  <977,  E  /  <9  A -  partial  derivative; 

\SkTD,(j2nf0)f= 

=| // ukE(t,r')exp{-j2irf(t  -  tfr'c-^jdtdr' 


(17) 
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-  VF  -periodogram,  being  generalization  Fourier  peri- 
odogram;  ik(/‘  -  -  02)  ~  ambiguity  function  of 

radiometric  system  on  frequencies  /  and  directions  d  , 


//exp  \j24(f1  -fjt-ifft 

t  n' 


W-] 


dtdr'\ 


At  reception  (16)  following  assumptions  were  ac¬ 
cepted.  Stochastic  processes  ukj:(t,r')  in  radio  as¬ 
tronomy  problems  usually  believe  as  ergodic  and  in 
Fraunhofer  zone  on  variable  r'  statistically  indepen¬ 
dent.  Then  correlation  functions  and  complex  mutual- 
coherence  function  these  processes  depend  on  a  dif¬ 
ference  of  arguments  \  —  t  and  Arf  =  y  —  r2 . 

At  performance  of  condition  STB  according  to  Van 
Zittert-Zernike  theorem  they  are  connected  with  spec¬ 
tral  brightness  of  a  extensive  source  of  not  coherent 
radiation  with  Fourier  transformations. 


Used  below  VF  -transformation  allow  to  remove  re 
striction  on  performance  of  this  condition.  Then 

VF[RkE(r,Ar,)}  =  VF[tkE(T,Ar,)}  = 


=  c2f-2Bk{f,$,m]  +  0,5Nni 


(18) 


B.z  [/,  0,  A(0)]  =  B,  [/,  ■&,  A(0)]  +  0, 5 fc~2N. 


Ok  ' 


covering  set  sector  of  the  review  and  providing  separate 

reception  of  signals  from  each  direction  d ).  The  mul¬ 
tiplier  before  periodogram,  containing  size,  inverse 
spectral  brightness,  sets  structure  of  the  inverse  nonli¬ 
near  filter  in  which  it  is  carried  out  decorrelation  of 

fluctuations  uk^  (£,  r') .  The  width  of  a  pass-band  of  this 
filter  depends  on  intensity  of  noises  nk  (t,  r')  set  in  (9) 

composed  0, 5 NQk  (at  NQk  =  0  the  pass-band  is  equal 

00  and  the  filter  carries  out  full  decorrelation  of  fluctu¬ 
ations).  Averaging  of  the  decorrelationed  fluctuations  at 
the  expense  of  their  integration  on  frequencies  /  pro¬ 
vides  a  solvency  of  estimations  of  parameters  X(d) . 
Decorrelation  reduces  radiuses  of  correlation  of  aver¬ 
aged  processes  both  on  frequencies  /  and  to  directions 

d  ,  and  on  time  t  and  coordinates  rf ,  increasing  num¬ 
ber  of  independent  readout  of  the  received  processes  in 

spectral  (on  variables  /  and  d )  and  in  spatially-time 
(on  t  and  r' )  areas. 

Conclusion 

The  algorithm  optimum  estimation  the  spatially- 
distributed  parameters  of  fields  of  own  radiation  and,  in 
particular,  radio  images  of  terrestrial  covers  in  the  form 

of  spectral  brightness  B(d)  or  radio-brightness  tempera- 


inverse  correlation  functions  WkE  is  found  from 

the  integrated  equation  of  the  reversal.  It  is  possible  to 
show,  that 

WlElr,  AF'AW]  =  V;’  A(tf)]} ; 

The  right  parts  of  system  (18)  characterize  the  basic 
operations  which  are  necessary  for  executing  over  the 
accepted  field,  and  structure  of  radiometric  system. 
Functional  (mathematical)  communications  spectral 

brightness  BkE  with  parameters  A  rely  known  or 

from  the  decision  of  corresponding  direct  problems  of 
dispersion  for  the  chosen  electrodynamic  models,  or 
are  set  in  a  kind  the  ratio  regression,  received  experi¬ 
mental  by.  One  of  the  most  essential  operations  is 
formation  V  -periodogramm,  being  in  itself  insolvent 

estimation  of  spectral  brightness  BkZ  as  functions  of 

frequency  /  and  directions  d  . 

Procedure  of  formation  Vp  -periodogram  includes 

accepted  processes  separation  on  set  of  spectral  compo¬ 
nents  on  time  frequencies  / ,  a  phase  delay  of  each  of 

components  on  value  2tt ffir'  /  c  and  inphase  summa¬ 
tion  of  the  detained  signals  on  all  elements  of  array  (to 
elements  of  an  array),  providing  focusing  of  each  com¬ 
ponent  on  direction  $  (formation  of  a  fan  of  the  beams 


tures  TRr  (id)  is  synthesized.  These  algorithms  are  re¬ 
ceived  with  reference  to  stationary  multichannel  radi¬ 
ometers  with  arrays  and  processing  which  is  used  in  sys¬ 
tems  of  aperture  synthesis.  It  is  shown,  that  application 
VF  -  and  V~l  -transformations  allows  to  receive  opti¬ 
mum  algorithms  of  broadband's  and  super-broadband’s 
radiation  processing,  in  situations  when  condition  STB  is 
not  carried  out.  The  received  algorithms  are  essentially 
more  difficult  in  realization,  than  at  performance  of  con¬ 
dition  STB,  however,  can  be  shown  to  the  last  in  a  case 
when  this  condition  is  carried  out. 
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Abstract 

The  report  proposes  a  new  class  of  spectral  V-transformations  of  wideband  and 
super-wideband  space-time  signals  and  their  modifications  which  are  generalization 
of  Fourier,  Fresnel  and  Laplace  transformations  for  analyzing  and  processing  of  wave 
fields.  In  the  new  V-transformations  the  restriction  of  space-time  narrowity  of  band  is 
removed.  The  Van  Cittert-Zemike  theorem  is  generalized. 

Keywords:  V-transformations,  wave  fields  processing,  generalization  of  Fourier, 
Fresnel,  Laplace  transformations  and  Van  Cittert-Zemike  theorem. 


1.  Introduction 

At  the  solution  of  problems  of  mathematical  physics  in 
remote  radio  spectrometry  [1],  radio  astronomy  [2]  and 
others  there  is  a  problem  of  applicability  of  Van  Citterta- 
Zemike  theorem,  which  connect  cross-correlation  func¬ 
tion  (CF)  of  a  complex  conjugate  space-time  processes 
(mutual-coherence  function  (CF))  with  spectral  bright¬ 
ness  of  a  radiation’s  source,  which  coincide  or  like  ma¬ 
thematical  definition  of  the  power  spectral  density 
(PSD),  set  by  Khinchin  theorem.  Problem  is  in  impossi¬ 
bility  of  division  of  the  spatial  and  time  component  in  the 
index  of  exponent.  Only  at  performance  quasi- 
monochromatic  approximation  (QMA)  [2]  (space-time 
bandlimitedness)  the  formulas  corresponding  to  Van 
Cittert-Zemike  theorem,  may  be  analyzed  as  transforma¬ 
tion  (inverses)  Fourier  or  Fresnel. 

Below  are  proposed  the  transformations,  which  con¬ 
nect  spacial-time  processes  (signals,  fields),  and  them 
CF  and  FC  with  respective  spectral  characteristics  in 
generally  when  QMA  it  is  not  carried  out.  These  trans¬ 
formations  are  generalisation  of  transformations  Fouri¬ 
er,  Fresnel,  Laplace  for  the  spectral  analysis  of 
broadband  and  superbroadband  wave  fields  [3-5]. 

2.  V-Transformations 

2.1.  Initial  Data 

Physical  and  geometrical  statement  of  a  problem  is 
illustrated  on  Fig.  1. 

The  radiation  source  is  flat  or  conditionally  led  to  a 
plane.  Position  of  radiating  elements  are  characterised  or 

directional  cosines  $  =  {•&  =  cos  0  ,  $  =  cos  6  ) ,  or 

coordinates  r  =  (x,y)  E  D  .  Accordingly  their  radiating 
ability  is  characterising  functions 


A  fjexp  { j27r/£ j  dfdd  ;  A  (r ,  /)  exp  {j2nft }  dfdr  , 

where  A(-)  -  spectmm-angular  and  spectmm-spatial 

density  of  complex  amplitude. 

The  radiation  field  is  registered  by  elements  of 
plane  D'  through  some  time  interval  t3  =  R(r,  r])c~l 


caused  by  delay  of  waves  on  distance  R  at  their  dis¬ 
tribution  with  speed  c  from  an  element  of  radiation 
with  co-ordinates  r  to  the  registering  element  with 
co-ordinates  r'  =  (x\y})  G  D} . 


If  the  area  of  registration  of  field  D'  is  rather  in¬ 
significant  and  is  in  a  Fraunghofer  region, 

R  r  j ,  r'  «  R  r  ^ j ,  O'  +  3r' ;  $r'  =  9xx'  +  9yy' . 

(1) 

The  total  real  field  registered  by  an  element  of  sur¬ 
face  D'  in  point  r'  : 


oo 


u(r’,t )  =  R  eff  A^d,  /) 

0  0 

x  exp  ^'2^/  D  —  c~lR  (r,  —  c_1  ■?5r,J  J  dfdd, 


(2) 


Fig.  1.  Problem  geometry. 
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where  dd  =  dd  dd  . 

x  y 

Usually  multiplier  exp{— j2irfc R(r ,  0  ’) }  in¬ 
clude  in  function  A(f) .  Entering  HopMHpoBaHHbie  co¬ 
ordinates  r'  =  rf  j c ,  we  will  write  down  expression 
for  a  registered  field  in  Fraunghofer  zone  in  a  kind 

QO 

u(r',t)  =  Re  J  J  i($,/)exp{/27r/^-tfr']}d/<M  . 

0 

(3) 

For  work  in  a  near-field  zone  we  will  resolve 


R(r,r')  =  Vi?(0,0,)2+^-^)2+(2/-J/')2 

in  Taylor  series  and  we  will  abridge  with  the  first 
members  of  decomposition  (having  entered 

i  j2  /  .\2  /  .\2 

|r  -  r  |  =  (.t  -  x  j  +[y-y  )  ) 

R  (r ,  r7)  as  i?(0,0')  +  (|r-r'|2  /(2i?  (o,  0')) , 


oo 

«(r'7)  =  Re  J  J 
£>  0 


xexp 


i27r/ 


— 0, 5c_1R  1  (0,0')|r-r/' 


dfdr 


=  ReffA(S,/ 

D  0 


exp  j2tt/ 


t  —  0, 5  •  r  —r' 


dfdr. 


(4) 

At  performance  QMA  in  infinite  limits  of  integration 
expression  (3)  can  be  shown  to  three-dimensional 
transformation  Fourier,  and  (4)  -  to  transformation 
Fourier  and  Fresnel  on  variables  /,  t  and  r,r' . 
However  generally  they  cannot  be  considered  as 
transformations  Fourier  and  Fresnel  [3,4]. 


2  2  V  V1  V  V1  V  V'1  V  AND 

V  ,  V  ,  V  FT,  ?  V  J?T  ?  %1  5  %1  ? 


V”1  -  TRANSFORMATIONS 

nL 

Fet’s  extend  A(d,  f )  in  negative  area  of  variable  / , 
A(d,  f )  =  A*  ($,  — /)  having  reduced  it  in  2  times  on 
absolute  value.  Considering  also,  that  a  range  of  defi¬ 
nition  of  function  A(-)  on  variable  d  is  circle 
d2  +  $2  <  1 ,  will  extend  formally  integration  limits 
on  Too ,  then 

u(r’,t)  =  0,5V;1 

oo  oo  r  r  ->  .ii  ->  (5) 

=  0,5  f  J  A(ti,f}exp{j2nft-tfr  ]J  dfdti. 

— oo  — oo 

Fet's  generalise  this  expression  on  a  case  when  di¬ 
mensions  of  vectors  d  and  r'  are  equal  N 

_  _>  N  , 

(dd  =  ddvdd2,...,ddN]  dr  =  ;  / and  t  -  sca- 

i=l 

lar  values). 

Multiplying  the  left  and  right  parts  (5)  on  in  a  com¬ 
plex  conjugate  function  exp{— j2nfl(t  —  dfr')}  and 
integrating  it  on  variables  r'  =  {x'.}  and  t  in  infinite 
limits  it  is  resulted 


0,5/  wi(7/)  =  VF  [«(/;)] 

=  J  f  w^r/ijexpj— j2ir(t  —  Sr'^jidtdr';  (6) 
dr'  =  dx'xdx'r..dx'N. 

These  transformations  are  not  Fourier  transforma¬ 
tions,  as  in  the  second  composed  under  the  sign  of 

complex  an  exponent  nonseparable  variables  /  and  d 
(time  and  spatial  frequencies)  and  vectors, 

\\fAA>---A\\  do  not  make  scalar 

product.  However  they  can  be  considered  as  generali¬ 
sation  of  transformations  Fourier. 

In  a  condition  of  a  near-field  zone 


u(r',t)  =  0,5V/  [i(r,/)] 

+°o  ,  . 

=  0, 5  J  J  A(r ,  /)  exp  |  j2nf(t  -  0, 5  |r  -  r‘ j  )  i  dfd  r 


(J) 

0,5 rNA(r,f)  =  VM  [u(r',t)j 
=  j  j  u(r', ijexpj— /27r/|i  —  0, 5|r  —  r;|  jc^dr1. 

—  oo 

(8) 

For  complex  analytical  process 

u(r',  t )  =  u(r',  t )  +  ju±  (r t) , 

u(r',t)  =  V;/  \A[r,t) ] ;  f~NA{r,t )  =  V$1  [«(r',f)] .  (9) 


Here  A(r,  /)  -  unilateral  spectral  density  (it  is 
equal  to  zero  at  /  <  0 ). 

Let's  pass  formally  in  (5)  and  (6)  from  variable 
j2irf  to  variable  p  =  a  +  j2irf  [4,  5].  And  on  vari¬ 
able  t  we  will  accept  the  bottom  limit  of  integration 
equal  to  zero.  Then  we  will  receive 

«(r',  t)  =  0, 5  •  V~l  p)]  = 

n  r.  ^  ^  (10) 

= —?— J  J  A(d,p)ex.p\p\t  —  drj>dpdd] 

— oo  a—joo 


0, 5 ( j2t r)  p  NA(d,p)j  =  VFL  \u (r\ <)]  = 

+oo  +oo  /  -  .o  (11) 

=  J  J  p(t  —  dr  jidtdr] 

0  — oo 

As  well  as  in  the  theory  of  Faplace  transformations, 
for  transformation  convergence  (11)  on  a  variable  it  is 
necessary,  that  for  all  p  from  a  range  of  definition  of 
function  A(A,  p)  the  condition  was  satisfied: 


J  u  (r\  t}  exp  jpAr  r|  dr' 


<  Me 


7 -t 


(12) 


Valuable  feature  of  VFL  and  V~^  transformations 
is  that  on  a  variable  t  they  possess  advantages  of  un¬ 
ilateral  Faplace  transformation.  These  transformations 
can  be  considered  as  generalisation  of  Faplace  trans¬ 
formations,  applicable  for  the  analysis  of  multidimen¬ 
sional  dynamic  processes  and  wave  fields  in  problems 
of  mathematical  physics. 
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For  a  near-field  zone 

u(f',t)  =  0,5  V~l  \A{r,p 


0,5 


+oo  a+joo 


27 rj 


-  J  J  A  ,  p)  exp  | p  t  —  0, 5  r  —  r' 


o, 5  (j2tt)  p  NA(r,p)  =  ViL  [« (r', f )] 

+oo  +oo  r  ,  ^ 

=  J  J  u^r'A^explp It  —  0, 5|r  —  rr| 


dp  dr; 

(13) 

(14) 


dtdr' . 


Here  the  same  remarks  are  fair,  as  for  VFL  n  V~l 
transformations,  i.e.  also  it  is  necessary,  that  the  con¬ 
dition  was  satisfied 


J  t^r^expjo,  5p|r  —  J dr' 


<  Me 


it 


2.3.  Some  Theorems 


As  consequences  of  general  Kamnen  theory  about  ortho¬ 
gonal  decomposition  of  casual  processes  and  in  addition  to 
spectral  theorem  Khintchine- Wiener  can  be  considered 
following  properties  of  the  offered  transformations. 

Let  casual  spectral  components  A($,  /)  and 
A(r,/)  are  uncorrelated  at  different  values  of  va¬ 
riables  0  ,  r  and  /  i.e. 

(15) 

M[A{r1J1)A,{r2,f2)]  =  B(r1,f1)6{r1-r2)6(f1-f2), 

(16) 

where  M[\  -  a  population  mean  sign;  B[]  -  spec¬ 
trum-angular  and  spectrum- spatial  density  of  capacity 
of  processes  u(r‘ \  t ) . 

Theorem  1.  CF  R(p\r) ,  p'  =  r[—  r^r  =  tx  —  t2 
of  stationary  and  homogeneous  process  u(r\t)  and 
its  spektrum-angular  density  of  capacity  B  (3,  /  j  are 
connected  among  themselves  by  pair  VF  and  V~l 
transformations. 


R(M  =  M  \u(r^  )u(r2,  f2 )]  =  0,25V;1 


BWJ 


(17) 


0,25  f-NB(0j)  =  VF{R(p',T)\.  (18) 


Here  PSD  B  (3,  /j  is  bilaterial  and  even  function  / . 

Theorem  2.  Mutual  CF  n(p\ r)  in  a  complex  con¬ 
jugate  analytical  processes  u(r\t)  and  u(fr,t)  (FC) 
and  unilateral  PSD  B(6 ,  /)  connecting  among  them¬ 
selves  in  pair  Vp  and  V;1  transformations. 


r(p/,r)  =  M[ii 

b(3j) 

f-M 

b(3j) 

II 

1 

]• 

,(19) 

(20) 


Theorem  3.  CF  R(rvr^r)  of  stationary  (on  a  va¬ 
riable  t)  process  (7)  and  PSD  B(r,  f )  (bilaterial  even 
function  / )  are  connected  among  themselves  by  pair 
transformations 


R{rvr^r)  =  0,25V£  \B(rJ)  ]  = 

+  CX) 

=  0,25  ffB(r,/)x  (21) 

—  oo 

xexp|j27r/  r  —  0, 5  —  r|  •  0.5  r'-  r|  jjd/dr; 


0,25 f-NB(r,f)  =  Vi2  \R{7vt;,t)\ 

+  oo 

=  f  f  R(rvr',T)x 


(22) 


x  exp  {  -j2nf 


r  —  0, 5  r[ 


Theorem  4.  Mutual  CF  in  a  complex  conjugate 
analytical  processes  u(r^t)  and  u(?2,t)  (FC)  and 
unilateral  (equal  to  zero  at  /  <  0 )  spectral  density 
B(r,  f )  are  connected  among  themselves  by  pair  V  2 
and  V"1  0  transformations. 

n  2 


r  (rj',  r',  t)  =  M [u(rf,  tx  )u*  (r',  t2 )] 
f~NB(r,f)  =  Vi 


=  ^1[5(r,/)]‘(23) 
(r',r',T)\.  (24) 


Conclusion 

Article  results  new  transformations  which  establish  one- 
to-one  relation  between  spatial  and  spectral  characteristics 
of  widely  -  and  super-broadband  signals.  It  is  shown,  that 
these  transformations  are  generalisation  Fourier,  Fresnel, 
Laplace  transformation,  and  can  be  shown  to  them  at  per¬ 
formance  of  condition  QMA.  Some  theorems  establishing 
(on  the  basis  of  new  transformations)  communications 
between  correlation  functions  (spatial  coherence)  and 
spectral  brightness  are  resulted.  The  last,  in  particular, 
allow  to  solve  radio  astronomy  problems  when  there  are 
necessities  of  restoration  of  spatial  spectral  brightness  of 
the  spatially-distributed  sources  of  own  radio  emission. 
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Abstract 

Resonance  characteristics  of  narrow  transversal  slots,  energetic  and  directional 
characteristics  of  an  antenna  array  (AA)  with  single  transversal  slots  and  double  ones 
cut  in  a  rectangular  waveguide,  partially  filled  with  dielectric  are  investigated.  In  the 
case  of  the  single  transversal  slots  and  double  transversal  slots  a  dielectric  layer  is  pa¬ 
rallel  to  broad  walls  of  the  waveguide.  It  was  shown  the  possibility  to  constmct  an 
AA  with  double  transversal  slots  the  pattern  without  diffraction  lobes  and  high  level 
of  radiation  power  in  the  frequency  band. 

Keywords:  antenna  array,  double  slots,  horizontal  polarization. 


1.  Introduction 

Waveguide-slot  antennas  with  transversal  slots  in  a 
broad  wall  of  a  rectangular  waveguide  provide  radia¬ 
tion  having  horizontal  polarization.  In  resonance  an¬ 
tennas  transversal  slots  must  be  displaced  from  one  to 
another  at  a  distance  of  the  waveguide  wave  length 
A^ .  In  an  empty  waveguide  this  distance  is  greater 

than  a  wave  length  A  in  a  free  space.  Because  of  it 
the  higher  mode  interference  maxima  appear  in  a  ra¬ 
diating  pattern.  To  prevent  their  appearance  it  is  ne¬ 
cessary  to  diminish  the  distance  between  the  adjacent 
radiators.  This  can  be  achieved  by  means  of  using  a 
down  slowing  system  in  a  waveguide.  For  this  pur¬ 
pose  the  dielectric  layer  parallel  to  the  waveguide 
broad  walls  can  be  used.  The  layer  width,  its  dielectric 
permittivity,  a  position  in  the  cross-section  of  a  wave¬ 
guide,  sizes  of  the  slot  can  be  used  as  arbitrary  para¬ 
meters  controlling  on  the  given  frequency  a  phase  of 
excitation  of  a  slot  and  levels  of  a  power,  radiated  and 
reflected  by  it.  Such  parameters  are  absent  in  a  case  of 
a  hollow  waveguide. 

For  increasing  a  transmission  band  of  radiator  fre¬ 
quencies  and  providing  possibilities  of  a  beam  scan¬ 
ning  of  the  linear  waveguide-slot  array  in  wider  sector 
of  angles  sub-groups  of  slots  are  used.  Such  radiators 
are  called  as  a  group  slot  radiators.  To  them  the  so- 
called  doubled  slots  belong.  The  papers  [1],  [2]  are 
devoted  to  theoretical  and  experimental  research  of 
properties  of  the  doubled  longitudinal  slots  cut  in  a 
wide  wall  of  a  rectangular  waveguide  and  systems  of 
such  slots  as  well.  It  was  shown,  that  the  increase  of 
broadbandness  of  the  doubled  slot  is  possible  only  in 
a  case  when  longitudinal  slots  are  located  close 


enough  to  a  narrow  wall  of  a  waveguide.  There  are 
also  broadband  radiators  as  transverse  double  slots 
[3].  They  are  of  interest  from  the  point  of  view  of  re¬ 
search  of  possibilities  of  realization  on  their  basis  of 
aerials  with  wider  transmission  band,  than  aerials  with 
single  slots. 

The  aim  of  is  paper  is  investigation  of  characteris¬ 
tics  of  the  transverse  slots  systems  cut  in  a  rectangular 
waveguide  partially  filled  with  dielectric. 

2.  Foundations  of  Theory  and 
Method  of  Solving  the  Problem 

The  amplitude  -  phase  distribution  in  multi-slot  an¬ 
tenna  can  be  found  from  the  system  of  linear  algebraic 
equations  (SLAE)  of  the  induced  magnetomotive 
forces  method  (MF)  [3]  as  well  as  the  method  of  suc¬ 
cessive  approximation  which  modification  (MSA) 
was  proposed  in  [4]  for  the  taking  into  account  the 
finite  thickness  of  the  waveguide  wall  and  arbitrary 
loads.  The  MSA  method  is  very  useful  because  of  the 
system  of  MF  equations  can  be  written  only  for  one 
slot,  that  means  that  we  need  to  solve  only  two  equa¬ 
tions  instead  2 N  ,  where  N  represents  the  number  of 
antenna  slots.  Moreover,  the  using  of  MSA  leads  to 
independence  of  the  eigen  slot  internal  admittances 
from  the  edge  load.  These  admittances  were  defined 
in  [5].  Internal  mutual  slot  admittances  were  not  in¬ 
cluding  into  consideration  with  the  MSA  method.  In 
the  present  work  MSA  method  is  applied. 

It  was  necessary  to  find  the  conditions  by  which, 
firstly,  the  slot  is  resonance  in  one-mode  operating 
band  and,  secondly,  the  wavelength  in  the  waveguide 
at  the  resonance  frequency  is  less  than  one  in  the  free 
space.  In  order  to  define  the  one-mode  operating  band 
the  cut  off  frequencies  of  higher  order  modes  were 


978-1-4244-7468-4/10/126  ©2010  IEEE 


Multielement  Systems  of  Double  Slots  in  Rectangular  Waveguide  with  Partial  Dielectric  Filling 


found.  The  dispersion  equation  [7]  for  dominant 
TM-mode  was  solved  for  various  t  (layers  thick¬ 
ness)  and  e  (permittivity).  Besides  the  frequencies 

were  found  at  which  the  condition  A  =  A  is  fulfilled. 

9 

The  energetic  parameters  of  various  length  slots  were 
calculated  using  the  general  theory  of  waveguide  an¬ 
tennas  elaborated  in  [3],  excitation  theory  from  [7] 
and  formulas  for  the  slots  admittances  obtained  in  [8]. 
The  eigenvalues  were  found  from  the  well  known 
dispersion  equations  [6].  On  the  base  of  the  results  of 
[9]  we  came  to  the  conclusion  that  the  most  interest¬ 
ing  for  practical  applications  is  the  case,  when  dielec¬ 
tric  layer  is  situated  tightly  to  the  wall  opposite  to  one 
where  the  slot  is  cut.  In  this  case  the  resonance  wave¬ 
length  of  the  slot  changes  smoothly  with  t  and  5 
unlike  the  case  when  dielectric  is  situated  directly 
near  the  wall  with  the  slot.  In  addition  to  it  the  slot  is 
much  better  adjusted  to  the  waveguide  when  the  di¬ 
electric  layer  is  apart  from  it. 

The  coefficients  T  I  ,  \T\  and  LSJ  (energetic 

characteristics)  were  calculated  using  general  formu¬ 
las  from  [3]  in  which  the  solution  from  [8]  was  used. 
The  waveguide  wall  thickness  was  taken  into  account. 

3.  Calculation  Results 

The  calculations  of  energetic  characteristics  and  direc¬ 
tional  characteristics  were  carried  out  for  the  systems 
shown  in  the  Fig.l,  when  the  dielectric  layer  is  si¬ 
tuated  near  wall  opposite  to  the  slot.  It  was  supposed 

that  s1  =  e2  =  1 ,  e3  ^  1 .  Further  we’ll  substitute  t 

for  b3 ,  where  t  is  a  thickness  of  the  layer  indepen¬ 
dently  of  its  situation.  The  waveguide  has  cross  sec¬ 
tion  axb  =  23 x  10 mm  . 

First  of  all,  calculations  were  carried  out  for  the 
slots  1 6  mm  long  (L  =  16  mm  )  and  1.5  mm  wide 

(dx  =  1, 5  mm ).  The  slot  was  positioned  symmetrical¬ 
ly  relative  to  the  waveguide  axis. 

It  is  impotent  to  know  on  what  distances  D  = 
which  is  necessary  to  gash  slots  from  each  other  in  a 
resonant  slot  antenna. 


Fig.  1.  Antenna  array  with  double  transverse  slots 
in  the  waveguide  with  dielectric  layer. 


In  order  to  define  one-mode  operating  band  of  the 
waveguide  considered  the  cut  off  wavelengths  of 
higher  modes  were  calculated  [10]  for  the  different 
values  of  t  and  £  .  It  was  shown  [10]  that  for  every 

waveguide  wavelength  A^  in  the  operating  band 

25  <  A  <  45  mm  the  combination  of  L  and  t  can  be 
found  which  provide  the  resonance  radiation.  For  ex¬ 
ample,  in  the  band  30  <  A  <  38  mm  the  lengths 

15  <  L  <  18  mm  and  4  mm>  t  >  3  mm  are  to  be 
used. 

The  validity  of  the  mathematical  model  constructed 
for  one  slot  is  confirmed  to  be  true  experimentally  [10]. 

Calculation  of  power  and  directional  performances 
of  an  array  with  10  slots  (L  =  16  mm)  in  a  hollow 
waveguide  and  in  a  wave  guide,  partly  filled  with  di¬ 
electric  was  carried  out.  Values  of  t  and  £  were  cho¬ 
sen:  t=  3.5  mm  e  =7.  In  this  case  a  slowness  factor 

was  approximately  1,6  (£  =  \j\g ,  A-  a  free-space 

wavelength).  Distance  on  different  frequencies  be¬ 
tween  adjacent  radiators  were  D  =  Xg  The  calcula¬ 
tion  of  these  performances  has  been  carried  out  for  the 
lattice  using  doubled  transverse  slots.  The  dependen¬ 
cies  of  radiation  coefficient  and  VSWR  on  a  wave 
length  are  represented  on  the  Fig.  2  and  Fig.  3  accor¬ 
dingly.  The  curve  1  corresponds  to  the  lattice  of  slots 
on  a  hollow  waveguide;  the  curve  2  -  to  the  lattice  of 
single  slots  in  a  wave  guide  with  the  partial  dielectric 
filling;  the  curve  3  -  to  the  lattice  of  the  doubled  slots 
in  a  wave  guide  with  the  partial  dielectric  filling.  For 
these  cases  the  calculation  of  patterns  were  carried  out 
on  different  frequencies.  On  the  Fig. 4  the  pattern, 

calculated  on  AQ  =34  mm  is  represented. 

In  the  lattice  with  doubled  transverse  slots  the 
lengths  Lx  of  the  first  slots  in  each  group  were 

1 6  mm,  lengths  of  the  second  slots  in  each  group  L2 

were  selected  in  such  way  to  provide  a  maximum  lev¬ 
el  of  radiation,  a  minimum  level  of  reflection  of  the 
lattice  in  the  most  wide  range  of  lengths  of  waves.  On 
Fig.  2-4  the  dependences  of  radiation  coefficient, 
VSWR  on  a  wave  length  and  patterns  for  the  case  of 

the  doubled  slots  having  length  L  =  16  mm, 

L2  =  15  mm  are  represented  accordingly.  It  is  visi¬ 
ble,  that  occurrence  of  diffraction  peaks  in  pattern  is 
typical  for  the  lattice  of  slots  on  a  hollow  waveguide 
(Fig.  4  curve  -  1)  that  is  intolerable.  For  lattices  with 
the  single  and  doubled  slots  in  a  wave  guide  with  the 
partial  dielectric  filling  diffraction  peaks  are  absent 
(Fig.4  curves  -  2,3).  Radiation  coefficient  for  single 
slots  in  a  wave  guide  with  the  partial  dielectric  filling 
has  high  level  in  a  narrow  range  of  lengths  of  waves. 
For  example,  in  the  band  of  A  =  34  —  36  mm 

l^2  =  0.8  at  low  VSWR  <1.25  (Fig.  2-3  curves  -  2). 

Applying  in  the  antenna  array  the  doubled  slots  and 
selecting  lengths  of  the  second  slot  in  each  group  it  is 


Ultrawideband  and  Ultrashort  Impulse  Signals,  6-10  September,  2010,  Sevastopol,  Ukraine 


83 


Blinova  N.  K.,  Lyakhovsky  A.  A.,  Yatsuk  L.  P. 


X 

Fig.  2.  Dependencies  of  radiation  coefficient  wa¬ 
veguide  slot  array. 


Fig.  3.  Dependencies  VSWR  on  a  wave  length  in 
waveguide-slot  array. 


1,0 

0,8- 

0,6- 

0,4- 

0,2- 

0,0 


•X1 


3  ' ' 

Vm/V' 


-100-80-60-40-20  0  20  40  60  80100 
0° 

Fig.  4.  The  pattern  of  waveguide- slot  array,  calcu¬ 
lated  on  A„  =  34  mm. 


4.  Conclusion 

As  a  result  of  investigations  carried  out  it  was  shown 
that  it  is  possible  to  improve  the  pattern  of  resonance 
antenna  with  transversal  slots  using  double  slots  in  a 
waveguide,  containing  dielectric  layer  as  a  slowing 
down  system.  Such  pattern  has  not  diffraction  lobes 
and  works  having  high  level  of  radiation  in  a  more 
wide  frequency  band  than  a  single  slot  array  does. 
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possible  to  receive  wider  transmission  band  at  high 
II2  II2 

LSI  .  For  example,  LSI  =  0.8  one  can  see  in  the 
range  33  <  A  <  35.8mm  . 
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Abstract 

The  diffraction  problem  by  a  system  of  rectangular  slots  in  a  common  wall  of  two 
rectangular  waveguides  is  considered.  At  first,  using  the  mode-matching  technique 
and  the  singular  integral  equations  approach  the  diffraction  problem  by  the  gap  of 
two  semiinfmite  regular  rectangular  waveguides  and  two  semiinfmite  rectangular 
waveguides  with  semiinfmite  slots  in  a  common  wall  is  solved.  Then,  the  solution  of 
diffraction  problem  by  one  cell,  containing  slots,  and  by  bounded  system  of  cells  is 
obtained  using  the  operator  approach. 

Keywords:  Rectangular  waveguide,  mode  matching  technique,  singular  integral 
equations. 


1.  Introduction 

Waveguide  couplers  based  on  rectangular  waveguides 
are  widely  used  in  microwave  engineering  since  they 
have  a  variety  of  applications,  such  as  filters,  power 
dividers,  directional  couplers,  etc.  One  can  find 
enough  investigations  in  which  different  approaches 
are  used.  For  example  the  equivalent  circuits  ap¬ 
proach,  method  of  moments  and  others  [1,2]. 

In  this  report  we  consider  the  diffraction  problem  of 
the  H  -modes  by  the  system  of  rectangular  slots  in  the 
common  wall  of  two  rectangular  waveguides  (Fig.  1) 
using  the  operator  approach  [3].  We  assume  that  the 
walls  are  infinitely  conductive  and  are  of  zero  thick¬ 
ness.  We  denote  the  transverse  dimensions  of  wave¬ 
guides  as  ax/,  ax(b  —  l) .  The  time  dependence  is 
assumed  to  be  exp(— iut) ,  k  is  a  wave  number. 


Fig.  1.  Structure  geometry  and  coordinate  system. 


2.  Single  Cell 

When  we  use  the  operator  approach  we  need  to  solve  the 
diffraction  problem  by  a  single  cell.  Then  from  the  oper¬ 
ator  equations  we  can  obtain  properties  of  a  finite  num¬ 
ber  of  cells.  The  scattering  operators  of  a  single  cell  we 
find  in  two  stages.  At  first,  using  the  mode  matching 
technique,  we  solve  the  diffraction  problem  by  the  gap  of 
a  semi-infinite  cell  (— oo  <  z  <  0  )  and  two  rectangular 
waveguides  with  a  common  wall.  Then,  from  operator 
equations,  we  obtain  properties  of  a  single  cell. 

We  denote  a  single  cell  as  the  set 

M0  =  {(x-,y;z),  0  <  X  <  a,0  <  y  <  b,  -(.[  <  z  <  dj, 

where  2  d  is  the  slots  length,  and 

w 

P  =  (a  ;  /3  )  C  (0;  a)  is  a  trace  of  slots  set  on  the 

q= i 

plane  xOy . 

The  singular  integral  equation  with  additional  con¬ 
ditions  relatively  unknown  eigenwaves  propagation 

constants  7®,  Im7®  <Im7®+1,  Re 7®  >  Re 7^,  of 

the  cell  Mq  may  be  written  in  the  form 

-  f  +  -[  m<t>)F{QdC  =  0,  4,  e  p, 

7TJpC-(P  7T  p 

±fQ(C;</>q)F(()d(  =  0, 

where  function  F(()  depends  on  the  Fourier  amplitudes 
of  the  field  inside  the  cell,  and  the  kernels  K (£,</>)  and 
Q((,  4>q )  depend  on  the  unknown  propagation  constants. 
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Let  us  represent  the  magnetic  component  Hz  in  the 
case  of  a  semiinfimite  cell  in  the  form 

[im(y-b)\ 


H  = 


EE< 


7r  mx 


l-b 


D° 


ikyL , 


+  D1  e 

m,n 


—ikylm , 


,in  domain  I, 


oo  oo 

EEcos 

m— 0  n— 0 


7T  mx 


cos 


7r  ny 


C°  e'^+c1 


l 

-ik 7m  nz 


,  in  domain  II, 


EE< 


7r  mx 


a 


cos  (77  y)  x 


00  00 

'cos 

n=0  m= 0 

L°  e^+A1  e®7”* 

m,n  m,n 


-EE< 

m  n 
|0 


7rmx 


+ 

7rn7/ 


e^+A1  e 

m,n,U  m,n,U 

0  <  y  <  /,  in  domain  III 

where  superscript  0  denotes  the  amplitude  of  inci¬ 
dence  field.  Using  the  continuity  conditions  of  tangen¬ 
tial  components  of  electric  and  magnetic  fields  we 
obtain  the  following  infinite  system  of  linear  algebraic 
equations,  which  can  be  solved  using  the  reduction 
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where  p  =  1, 2, . . . ,  ri  denotes  the  transverse  wave 

1  7  7  7  im,q 

numbers  in  domain  III ,  Cj  are  known  constants. 

Let  us  now  consider  a  single  cell  MQ .  The  sche¬ 
matic  representation  of  the  structure  and  the  directions 
of  the  eigenwaves  propagation  are  shown  in  Fig.  2  We 
denote  the  vectors  of  the  Fourier  amplitudes  of  inci¬ 
dent  field  as  D°  and  C° ,  and  corresponding  vectors 
of  scattered  field  as  D  ,  C  ,  E ,  and  F  .  These  vectors 
are  related  as  follows: 

E  =  e~t31e+ A, 

F  =  e~t32e+A’ 


- »  D° 

i 

- »•  E  III 

-  D 

- »  C°  -dt\ 

d  i 

II  1 

1  - »  F  VI 

f  « -  C 

Fig.  2.  Single  cell. 

D  =  e  t31e+ +  e  t21e  C°  +  e  tne  D° , 

C  =  e  t32e+ A}  +  e  t22e  (7°  +  e  t12e  E° , 

A  =  f  -  e73e+e%3e+) 1  (e+A3e_jD°  +  e+t23e~c°)  > 

A  =e+<33e+A’ 

where  operators  t  are  the  scattering  operators  of  a 

semiinfmite  cell,  e±  allow  to  determine  the  ampli¬ 
tudes  variation  of  the  field  which  occur  when  the 
coordinate  system  is  shifted  thou  the  distance  d{  in 
the  positive  or  negative  directions  of  the  Oz  axis. 


3.  Finite  System  of  Cells 

Let  us  now  consider  a  system  of  M  cells  (Fig.  1).  We 
denote  the  vectors  of  the  Fourier  amplitudes  of  incidence 
field  as  D  and  B  ,  and  corresponding  vectors  of  the 
field  between  the  (fc  —  1)  st  and  k  th  cells  as  Bk ,  Ck , 
D} ,  and  Ek .  These  vectors  are  connected  as  follows: 

Bk  ~  ^uek-iek-2-^k-l  Kiek-iek  ^ k  ^k 

+tMeh-\ek-2Bk-V 
^k  ~  ^Uek-iek-2^k-l  ^12ek-iek  ^k  ^22  A  A  ^ k 

+t2Aet-iek-2Bk-l  A  »  2, . . . ,  M  +  1, 

Bk  ~  ^1 A  ek-lBk  ^13 ek  ek+lBk+l  ^23 Gk 

+t2ietek-lBV 

^k  ~  ^12 ek  ek-lBk  ^ Uek  ek+lBk+l  ^24 ek  ek+l^k+l 

+%2ek  ek-lBk  A  =  1  v 


^M+ 1  =  ^  ’  BM+ 1  =  ^  ’ 

where  operators  t  are  the  scattering  operators  of  a 
single  cell,  A  allow  to  determine  the  amplitude  vari¬ 
ations  of  the  field  which  occur  when  the  coordinate 
system  is  shifted  thou  the  distance  Lf  in  the  positive 
or  negative  directions  of  the  Oz  axis. 


4.  Numerical  Results 

Let  us  introduce  the  coefficient  |  tu  |  which  is  equal  to  the 
magnitude  of  the  H  -  mode  in  the  domain  IV  if  the 
structure  is  excited  by  the  H  -mode  from  the  domain  /  . 
Domains  numbering  is  presented  in  fig.  1.  Fig.  3  shows 
the  dependence  of  the  |  tu  |  v.s.  frequency  / ,  GHz,  for  the 
structure  consisting  of  one  slot.  The  distance  between  the 
slot  center  and  the  center  of  a  broad  wall  equals 
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a  =  2.286  cm,  l  =  b  —  l  =  1.016  cm, 

d  =  0.1  cm.  Curve  1  -  d1  =  0.746  cm, 
curve  2  -  d1  =  0.8  cm,  curve  3  -  from  [2], 
Fig.  3,  curve  3. 

hQ  =  0.3  cm,  and  l  =  b  —  l  =  b  /  2  .  The  slot  width 
d  =  0.1 .  The  results  obtained  using  presented  approach 
we  compare  with  the  results  from  [2],  fig.3,  curve  3. 

Fig.  4.  shows  the  dependence  of  the  |^14|  as  a  func¬ 
tion  of  the  slots  length  2d  .  Slots  are  placed  symmetr¬ 
ically  relatively  the  center  of  a  broad  wall,  x  =  a  /  2  . 
As  one  can  see  from  the  figure,  when  we  shift  the 
slots  from  the  center  of  a  broad  wall,  the  interaction 
between  waveguides  increases. 

Fig.  5  shows  the  dependence  of  the  |t14|  v.s. 
L  =  L2  —  Lx  for  the  structure  containing  four  slots, 
M  =  2  .  The  variations  of  the  parameter  k  result  in 
shift  of  local  maxima  along  the  L  /  b  axis.  The  de¬ 
pendencies  are  practically  periodical  with  period 
L  /  Xg  ~  0.5 ,  where  Xg  is  the  waveguide  wave¬ 
length.  Deviations  from  periodicity  are  caused  by  the 
influence  of  evanescent  waveguide  modes. 

5.  Conclusions 

In  this  report  we  considered  the  diffraction  by  an  arbi¬ 
trary  set  of  rectangular  slots  in  the  common  wall  of  two 
rectangular  waveguides.  The  agreement  between  results 
obtained  using  the  presented  approach  and  the  results 
given  in  [2],  fig.3,  is  excellent.  The  presented  approach 
can  be  used  for  solving  of  a  number  of  problems. 
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Fig.  4.  Dependence  of  |^14|  vs.  d1.  a)  One  slot, 
d  /  b  =  0, 3  .  b)  Two  symmetrically  placed 
slots,  d  /  b  =  0.15 ,  h  /  b  =  0.3  .  Curve  1  - 
kb  =  1.37  ,  curve  2  -  kb  =  1.4  ,  curve  3  - 
kb  =  1.5,  curve  4  -  kb  =  2 ,  curve  5  - 
kb  =  2  ,  h  /  b  =  1.8 
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Abstract 

In  this  paper  comparative  analysis  of  spectral  and  correlation  characteristics  of 
phase  coded  signal  based  on  Frank  code  is  given. 

Keywords:  phase  coded  signal,  specter,  autocorrelation,  crosscorrelation,  ambiguity 
function,  side  lobes. 


1.  Introduction 

Construction  of  the  radio  engineering  systems  with 
the  use  of  adaptive  algorithms  of  work  requires  to  the 
search  not  only  the  laws  of  change  of  structure  of  the 
system  and  principles  of  its  work  but  also  choice  of 
signal  which  in  every  concrete  situation  would  allow 
(at  all  identical  parameters  of  the  system)  to  provide 
the  receipt  of  more  high-quality  indexes  of  work. 

2.  Research  description 


For  these  signals  specter,  autocorrelation  function,  am¬ 
biguity  function,  ambiguity  diagram  were  calculated  and 
plotted.  Additionally,  side  lobe  levels  mean  value  was 
calculated,  which  is  useful  for  noise  situation  analysis. 

2.2.  Results 

Obtained  results  show  us  that  signal,  formed  on  the 
base  of  Frank  code  is  wideband  and  has  a  good  value 
of  side  lobes  level. 

Considering  the  named  signal  features  it  was  sug¬ 
gested  to  research  signals  based  on  partial  Frank 


2.1.  Signal  forming 

As  generalized  Frank  code  we  define  a  discrete  com¬ 
plex  signal  which  consists  of  the  sequence  of  elemen¬ 
tary  signals,  amplitude  and  phase  of  which  we  get 
according  to  the  algorithm: 

27T 

0  =  0  AT  =  pm  — ,  0  <  7V  —  1 ,  0  <  m  <  K  —  1 , 

n  pN+m  1  7  —  7  —  — 

1,  0  <  m  <  L  fe*  1, 

A  =  ~  ~  m 

n  jO,  L  <  m  <  K  —  1. 

Where  A  is  a  number  of  phases  levels  in  signal. 

Generalized  Frank  code  is  formed  as  follows.  A 
time  domain  equal  to  the  duration  of  the  signal  Ts  is 
divided  in  M  =  NK  temporal  positions  of  duration 
Tq  =  Ts/M  .On  each  of  these  temporal  positions 

radio  signals  with  frequency  /  are  formed,  rounding 

and  initial  phase  if  which  are  chosen  according  to  the 
algorithm  (1). 

For  this  signals  we  have  determined  specific  para¬ 
meter  P  .  P  is  parameter  of  the  length  of  code  taken, 
for  example  P  =  0.5  means,  that  half  of  a  code  is  tak¬ 
en.  For  investigation  these  parameters  were  A  =  11 , 
M  i=  121 ,  P  =  0.3,  0.5,  0.7,  0.9,  1,  1.3,  1.5,  1.7,  2. 


Spectrum 


Fig.  1.  Frank  code  based  phasecoded  signal  spec¬ 
trum  (P  =  1). 


Autocorrelation  function 


Fig.  2.  Frank  code  based  phasecoded  signal  auto¬ 
correlation  function  (  P  =  1 ). 
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Fig.  3.  Frank  code  based  phasecoded  signal  ambigu¬ 
ity  function  (  P  =  1 ). 

Mean  Value  of  side  lobes 
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Fig.  4.  Frank  code  based  phasecoded  signal  side- 
lobes  mean  value  ( P  =  1 ). 

codes  -  Generalized  Frank  Codes.  Obtained  results  on 
investigation  of  such  signals  are  shown  in  Fig.  5-8. 

3.  Conclusions 

The  construction  of  the  radio  electronic  systems  with 
the  use  of  adaptive  algorithms  of  work  requires  some 
research  not  only  into  the  laws  of  change  of  system 
structure  and  principles  of  its  work  but  also  into  the 
selection  of  signal  which,  in  a  particular  situation, 
would  allow  (at  all  identical  parameters  of  the  system) 
to  provide  higher  indexes  of  its  performance. 

The  results  of  the  research  work  show  us  that  poly¬ 
phase  signals  based  on  Frank  codes  has  good  values 
of  side  lobes  level,  which  is  very  important  in  radar 
systems. 

The  conducted  investigations  of  particular  Genera¬ 
lized  Frank  Code  have  shown  that  its  specter  has  pe¬ 
riodical  minimums  with  constant  width.  Also  their 
width  depends  on  the  parameter  P ,  and  it  becomes 
narrower  as  parameter  P  comes  closer  to  1 .  So,  such 
signals  could  be  used  for  passive  hindrances  suppres¬ 
sion  in  MTI  systems. 
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Abstract 

The  considered  inverse  problem  of  electromagnetic  scattering  is  widely  applied  in 
the  subsurface  profiling  of  media  permittivity.  In  previous  works,  mainly  the  non¬ 
linear  integral  equation  for  the  scattered  field  has  been  in  use.  It  has  been  solved  in 
the  Bom  approximation  or,  sometimes,  iteratively  -  beyond  this  approximation. 
However,  the  solution  of  this  ill-posed  problem  at  each  step  of  iterations  faced  diffi¬ 
culties.  To  overcome  these  difficulties,  we  propose  to  use  the  new  approach  based  on 
the  Lagrange  formalism  applied  to  initial  differential  equations  (Maxwell’s  equa¬ 
tions).  That  gives  a  possibility  to  obtain  the  solution  of  one-dimensional  inverse  prob¬ 
lems  of  scattering  beyond  the  range  of  applicability  of  the  perturbation  theory.  Based 
on  the  developed  theory,  the  solution  algorithm  has  been  worked  out  and  applied  to 
the  simplest  one-dimensional  problem  of  low  frequency  geomagnetic  profiling  of 
conductivity  of  the  earth  cmst. 

Keywords:  Dual  regularization,  Maxwell’s  equations,  inverse  scattering  problem, 
electromagnetic  sounding,  earth  cmst 


1.  Introduction 

The  problem  of  one-dimensional  electromagnetic 
geomagnetic  sounding  has  been  formulated  firstly  by 
A.N.Tikhonov  [1]  for  the  ultra  low-frequency  sound¬ 
ing  of  earth  crust  and  solved  by  him  for  a  discrete 
multilayered  distribution  of  media  conductivity.  The 
frequency  dependence  of  the  effective  depth  of  the 
received  signal  formation  (skin-depth)  of  measured 
fields  was  in  use  in  this  method,  applied  further  in  the 
magnetotelluric  exploration.  The  depth  of  sounding 
achieves  several  kilometers  at  lowest  frequencies. 

For  the  case  of  a  continuous  conductivity  profile,  in 
frameworks  of  the  one-dimensional  electromagnetic 
perturbation  theory,  this  problem  has  been  reduced  to 
the  solution  of  the  non-linear  integral  equation  of  the 
1-st  kind  that  has  been  solved  iteratively  using  Tikho¬ 
nov’s  method  of  generalized  discrepancy  in  [2,3]. 
Here  we  develop  the  dual-regularization  approach  [4]. 

2.  Theory 

2. 1 .  One-Dimensional  Inverse  Problem 
of  Scattering 

If  the  distribution  of  a  probing  electric  field  in  the 
non-perturbed  medium  with  the  permittivity  is 

E  (r) ,  the  total  field  E(r)  for  the  same  medium  with 


inhomogeneities  ^(r')  can  be  expressed  as  a  sum  of 

probing  and  scattered  fields  and  obtained  iteratively 
from  the  Fredholm  equation  of  the  2-nd  kind  [5,6]: 

E(r)  =  E0(r)  +  E1(r)  = 

=  E0(r)-^fG(r',r)e1(r')E(r')dr'  (1) 

beginning  with  the  Born  approximation 

E1(r)  =  -^  fG(r',r)Sl(r')E0(r')dr',  (2) 

4:7V  U 

v 

where  lj  is  the  cyclic  frequency.  The  Green  tensor  G 
for  homogeneous  or  multilayer  media  can  be  obtained 
using  the  input  impedance  formalism  [5,6].  Equations 
(1,2)  can  also  be  used  to  solve  the  inverse  scattering 
problem  [6].  In  the  case  of  one-dimensional  media, 
when  plane  waves  are  used  as  the  probing  field,  the 
total  field  is  expressed  as 

E(r)  =  E(z)  exp (ikxx  +  ik  y)  and  the  problem  is 

much  simplified  and  reduced  to  the  equation 

E1(z)  =  -^fe1(z')g(z',z)E0(z')dz'.  (3) 

4tv 

In  the  ultra  low  frequency  band,  the  analysis  can  be 
simplified  further.  The  approximation  of  Leontovich’s 
boundary  conditions  is  valid  in  this  band,  so  the  field 
in  the  medium  can  be  considered  as  a  plane  wave  with 
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components  Ex ,  H  of  electric  and  magnetic  field 

respectively  that  propagates  in  the  nadir  direction  rela¬ 
tive  the  earth  surface.  Also,  the  permittivity  at  low 
frequencies  is  determined  by  the  conductivity  a  as 
s  =  s'  -  is"  ts  -47 via  /  u  .  Maxwell’s  equations  for 
the  complex  amplitudes  of  electric  and  magnetic  field 
are  written  as 


££  4™^  H  =  ,^W  (4) 

dz 2  c2  uodz 

Fields  are  measured  at  the  surface  level  in  dependence 
on  frequency: 


E(z  =  0,  w)  =  Eq  (u) ,  H(z  =  0,  cj)  =  Hq  (v) .  (5) 

These  data  can  be  compared  to  frequency  depen¬ 
dences  for  the  homogeneous  medium  with  the  con¬ 
ductivity  <j(z)  =  <t(0)  =  <jq  : 


E°  (a z)  =  E°  (u)  exp 


(6) 


H°(u,z) 


s(LlHe  o 

u;6 


H°0(v)  exp 


where  8  =  c  /  27t u;aQ  is  the  skin-depth.  Using  differ¬ 
ences  A H  =  HQ-H°,  A E  =  E0-  E°  of  these 

fields  in  the  first  guess  at  the  solution  of  the  non¬ 
linear  integral  equation  (3)  or  of  the  corresponding 
equation  for  the  magnetic  field,  it  is  possible  to  solve 
the  (3)  iteratively,  beginning  with  the  Bom  approxi¬ 
mation  of  perturbation  theory.  Results  of  the  numeri¬ 
cal  study  [3]  have  demonstrated  serious  limitations  of 
such  approach  for  large  perturbations  (typical  in  geol¬ 
ogy  stmctures),  when  the  Bom  approximation  (first 
guess  of  iterative  method)  is  inapplicable.  To  over¬ 
come  these  restrictions  of  perturbation  theory,  we 
develop  here  the  new  method,  based  on  the  theory 
[4,7],  applied  to  initial  Maxwell  equations  in  its  sim¬ 
plest  version. 


2.2.  Method  of  Dual  Regularization 

Let  us  introduce  new  variables: 

dReE  dlmE 

ReE  =  x 1? - =  xn  Am  E  =  xQ, - =  xA . 

dz  dz 

Then  the  inverse  problem  for  (4)  in  the  range 
zQ  <  z  <  0  lead  to  the  equivalent  problem  of  mini¬ 
mization 

70(£>°')  =11  O  H2+|  i  |2^  min,/(£,<r)  =  ®0(u>),  (7) 

cr  G  D  =  {a  E  L2(z0, 0)  :0  <  a{z)  <  aj  C  L2(zq,0) 

y-  =  A(a(z)u>)x,  x(z)  = 
dz 

/1tecr)(w)  =  z[£,<r](0)  =  ^^(O)  =  x0(w), 

zQ  <  0,  oj  E  [ljvlo2\  £  £  R4, 


A(<j(z)uj) 


0  10  0 

0  0  —aa(z)  uj  0 

0  0  0  1 

aa(z)  uj  0  0  0 


\  H  = 


i 

BJwp/c 

0 

HJ^/c 


where  a  =  4tt  /  c2 .  It  is  possible  to  prove  that  this 
problem  has  a  solution  (there  is  no  uniqueness).  De¬ 
note  the  value  of  minimizing  functional  IQ  at  this 

solution  as  I* .  In  the  considered  nonlinear  problem  it 

is  necessary  to  use  the  modified  Lagrange  function  in 
the  dual  regularization  of  (7)  [7].  It  can  be  build  as 

L^o-^X)  =||  cr  ||  2+  |  £  |2  + 

+ /  (AM ,  >  a\  (0,  w)  -  x0 (w))dw  + 

U1  _ 

+M(^/w  I  a:[^o-](0,w)-a:0(a;)  |2  du  + 

+ I  x[£a](0,ijj)  -  xq(uj)  |2  du)  = 

MMf+lU  -*>))+- 

+MII  II  +  II  ID- 

The  dual  problem  (Tikhonov  regularization  with  the 
regularization  parameter  a )  of  maximizing  the  con¬ 
cave  functional  on  the  Hilbert  space  L*  (u  ,  a;  ) : 

UA)-« ii A ii2^ max>  ii A ii^ (9) 

V(X)  -  mini  \eL4{u  w  ),  /x  >  0. 

/x  aeD  /x  z  i  z 

Details  of  the  dual  regularization  algorithm  are  de¬ 
scribed  in  [4,7].  In  this  paper  we  present  results  of  this 
problem  solution  based  on  a  simplified  approach  -  the 
minimization  of  the  discrepancy  functional 

||  /(cr,£)  -  x(u)  ||2  in  (8)  under  the  stipulation 
thatx  — >  0  ,  when  z  — >  — oo  . 


3.  Numerical  Simulation 

In  Figs.  1,2  one  results  of  the  numerical  simulation  of 
the  retrieval  of  conductivity  profiles  are  shown.  One 
can  see  in  Fig.  1  a  good  retrieval  of  a  very  sharp  in¬ 
homogeneity  (layer  with  enhanced  conductivity).  The 
second  example  in  Fig.  2  demonstrated  the  possibility 
of  the  developing  approach  to  retrieve  more  compli¬ 
cated  profiles  of  conductivity.  Advantages  of  this  ap¬ 
proach  as  compared  with  the  solution  of  integral 
equation  [3]  are  quite  obvious. 
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Fig.  1.  Numerical  modeling  of  the  retrieval  of  the  conductivity  profile.  Left,  “measured  data”  (Im(Aif) )  in 
arbitrary  units  versus  frequency  /  =  uoj at  the  rms  of  the  random  error  6HQ  =  1  %; 
right,  1  -  initial  profile,  2  -  retrieval  results. 
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Abstract 

Engineers  who  work  on  survivability  of  complex  infrastmcture  targets  to  high- 
power  microwave  illumination  are  careful  to  understand  possible  instabilities  that  can 
be  forced  by  the  threat  illumination.  Transition  to  chaos  is  one  indicator  of  such  in¬ 
stability.  Engineers  who  design  infrastmcture  systems  are  careful  to  consider  the  sta¬ 
bility  of  the  systems  under  normal  operation,  but  do  not  normally  consider  external 
threats  or  stimulants  that  may  contribute  to  the  instability.  Stoudt,  Gardner,  and 
Kohlberg  [1-3]  show  examples  of  simple  electronic  systems  that  go  unstable  through 
a  combination  of  pulsed  field  illumination  and  misdirected  energy  from  a  system 
power  supply.  In  this  paper,  we  will  examine  the  effects  on  simple  selected  oscilla¬ 
tors  of  multi-frequency  (chaotic  in  that  the  center  frequency  jumps  abmptly  from  fre¬ 
quency  to  frequency)  and  ultra  wideband  signals.  The  first  case  study  is  based  on  the 
Chua  Circuit,  which  is  very  simple,  but  known  to  easily  exhibit  chaotic  behavior.  The 
Chua  circuit  can  be  described  using  only  three  nonlinear  differential  equations,  so  is 
near  the  minimum  requirements  for  chaos.  This  study  will  use  Mathematica©  scripts 
to  compare  the  Chua  circuit  results  to  that  of  a  simple  oscillator  then  add  complexity 
to  the  target  circuit  so  that  it  is  clear  where  instabilities  can  be  found  and  exploited. 

Keywords:  High-power  microwave  (HPM),  high-power  electromagnetic, 
susceptibility,  infrastructure  failure. 


1.  INTORDUCTION 

Understanding  the  response  of  industrial  control  sys¬ 
tems  to  various  high-power  microwave  (HPM)  wave¬ 
forms  is  critical  to  insuring  their  survivability  should  a 
system  ever  be  attacked.  Insight  into  system  response 
can  be  gained  by  studying  the  unstable  nature  of  the 
driven  Chua  Circuit.  To  be  specific,  a  driven  Chua 
Circuit  can  have  a  stable  solution  for  many  potential 
drive  waveforms.  If  we  consider  an  HPM  illumination 
of  a  system  to  be  consistent  with  induction  of  a  HPM 
wavefront  on  the  circuit  element  we  can  study  the 
response  of  the  system  thereby  gaining  insight  into 
which  type  of  waveforms  induce  instabilities  vice 
others  which  merely  perturb  the  system. 

2.  Driven  Chua  Circuit 

The  Chua  circuit  is  one  of  the  simplest  circuits  that 
can  show  complex  chaotic  behavior  and  we  use  it  here 
to  represent  an  example  of  a  failure  mechanism 
caused  by  the  injection  of  repeated  pulses  [4].  Fig.  1 
shows  a  schematic  of  a  Chua  circuit. 

Most  of  the  circuit  consists  of  an  RLC  oscillator, 
but  the  key  component  is  the  nonlinear  element  to  the 
right  of  the  diagram.  Not  only  is  that  element  nonli¬ 


near,  it  is  also  active,  so  when  we  inject  a  disturbing 
signal  into  the  circuit,  we  will  also  attempt  to  draw 
energy  from  this  source  to  help  cause  an  instability  in 
the  system. 

The  three  simultaneous  equations  of  the  driven  Chua 
Circuit  represent  the  current  in  the  circuit  and  the  vol¬ 
tages  across  the  two  capacitors  in  normalized  form: 

X\t)  =  a{Y(t)-<p[X(t)]}, 

Y'(t)  =  - Y(t )  +  X(t)  +  Z(t)  +  ff(t) 

Z'(t)  =  -b*  Y(t) 


Fig.  1.  Chua  Circuit  Schematic. 
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m 


YcM 

RC1C2 


Y(t ) 


YJt) 

RC1C2 


The  constants  are  defined  as:  a  = 


m 

C2 

bl 


4ft) 

RC1C2 


b  = 


R2C  2 


ff(t )  is  the  drive  function  and  cp(x)  is  the  nonlinear 

characteristic  of  the  Chua  diode.  In  the  following  section 
we  investigate  the  numerical  solution  to  this  set  of  equa¬ 
tions  for  different  representative  HPM  drive  waveforms. 


3.  Stable  Versus  Unstable  Drive 
Functions 

As  mentioned,  the  nonlinear  impedance  is  represented 
by  the  function  cp(x) ,  which  for  the  purposes  of  our 
investigation  is  defined  as: 

2  3  T  2 

(fix)  =  —  x - ArcTani  lOx  +  1)  — 

7  14  [Pz 

—  ArcTan(10x  —  1)  . 

Figure  2  contains  a  VI  plot  of  the  nonlinear  impedance. 

We  begin  by  generating  the  numerical  solution  of 
the  coupled  differential  equations  with  no  external 
drive  present;  i.e.  ff(t)  =  0 .  The  solution  is  presented 
in  Figure  3.  Note  that  it  is  stable. 


I 

Fig.  2.  VI  Curve  for  Nonlinear  Resistor. 
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Next  we  would  like  to  investigate  using  a  drive  func¬ 
tion  that  is  representative  of  a  multiple-pulse  HPM  wa¬ 
vefront  incident  on  the  system.  Figure  4  contains  a  plot 
of  such  a  multi-pulse  drive  function.  Using  this  drive 
function  in  the  coupled  set  of  differential  equations  the 
numerical  solution  is  generated  and  presented  in  Figure 
5.  We  now  see  that  the  solution  is  no  longer  stable.  To 
be  specific,  introduction  of  the  multi-pulse  drive  wave¬ 
form  has  changed  the  nature  of  the  solution  from  that  of 
a  stable  one  to  that  of  an  unstable  one. 

For  many  HPM  applications  it  is  reasonable  to  ex¬ 
pect  a  single  pulse  disturbance,  so  the  stability  of  a 
single-pulse  drive  function  is  of  interest.  The  numeri¬ 
cal  solution  to  the  coupled  differential  equations  for 
just  such  a  single-pulse  event  is  plotted  in  Figure  6. 

We  find  that  even  a  single  pulse  drive  function  is 
capable  of  inducing  an  unstable  solution. 

2  r 


Fig.  4.  Example  multi-pulse  HPM  Drive  Function. 


5 


Fig.  5.  Unstable  Solution  Using  Multi-Pulse  HPM 
as  a  Drive  Function. 

5 


Fig.  3.  Stable  Solution  using  a  Square  Wave  as  a 
Drive  Function. 


Fig.  6.  Unstable  Solution  Using  Single-Pulse  HPM 
as  a  Drive  Function. 


94 


Ultrawideband  and  Ultrashort  Impulse  Signals,  6-10  September,  2010,  Sevastopol,  Ukraine 


Effects  of  UWB  and  Chaotic  Signals  on  Selected  Oscillators 


Finally,  we  would  like  to  investigate  the  case  of  an 
ultra-wideband  drive  function,  which  is  equivalent  to 
a  much  narrower  pulse  than  previously  investigated. 
The  representative  ultra-wideband  drive  function  for 
this  case  is  merely  a  shorter  version  of  the  previously 
studied  waveform,  making  it  more  impulsive  in  na¬ 
ture.  The  numerical  solution  to  the  coupled  differen¬ 
tial  equations  using  this  shorter  pulse  drive  waveform 
is  presented  in  Figure  7. 

Unlike  the  cases  of  single  and  multi-pulse  HPM 
drive  waveforms,  we  see  that  the  narrow  pulse,  ultra- 
wideband  drive  function  does  not  lead  to  an  unstable 
solution. 

4.  Conclusions 

Understanding  the  instabilities  of  the  driven  Chua  Cir¬ 
cuit  as  they  relate  to  HPM  induced  drive  functions  can 
give  us  insight  into  the  potential  system  response  of 
different  types  of  HPM  waveforms.  In  this  paper  we 
began  a  very  basic  investigation  that  ferreted  out  some 
critical  system  responses  associated  with  traditional 
wideband  HPM  vice  ultra-wideband  drive  functions. 
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Abstract 

In  this  paper  the  results  of  theoretical  analysis  of  the  electromagnetic  field 
distribution  inside  the  dielectric  cylinder  for  parallel  and  perpendicular  incidence 
wave  polarization  state  cases  are  presented.  The  computation  has  been  performed  for 
electric  and  magnetic  field  intensities  in  the  circular  cylinder  cross  section  using 
geometrical  optics.  It  has  been  shown  that  the  electromagnetic  field  is  focused  in 
some  region  around  the  focal  axis. 

Keywords:  Microwave,  dielectric  cylinder,  plane  wave,  polarization,  focus  point. 


1.  INTROD ACTION 

With  increasing  the  application  field  of  a  millimeter 
and  submillimeter  electromagnetic  radiation  the  task 
of  its  influence  identification  on  various  objects 
becomes  ever  more  pressing.  For  this  purpose  it  is 
necessary  to  investigate  the  processes  taken  place 
inside  and  near  the  objects  irradiated  in  detail. 

2.  Problem  Formulation 

The  electromagnetic  field  distribution  inside  an 
infinite  dielectric  cylinder  which  lateral  surface  is 
illuminated  by  the  linear  polarized  plane  wave  is 
considered.  The  incident  wave  front  is  parallel  to  the 
cylinder  axes  in  the  selected  coordinate  system.  At 


Fig.  1.  The  ray  paths  inside  a  dielectric  cylinder. 


each  point  of  a  dielectric  cylinder  cross  section  the 
electric  and  magnetic  field  intensities  are  computed 
for  the  parallel  and  perpendicular  polarized 
illuminating  wave  using  geometrical  optics.  The 
parameters  of  the  dielectric  are  not  limited  and  the 
cylinder  diameter  is  D  »  A  . 

Within  the  bounds  of  geometrical  optics  method 
the  cylinder  surface  has  been  illuminated  in  the  range 


of  the  wave  sight  angle 


7 r  7 r 
2  ’  2 


relative  to 


surface  outer  normal  line. 

An  incident  ray  on  a  dielectric-air  interface  forms 
refracted  and  reflected  rays.  The  passed  rays  which 
have  been  formed  by  the  incident  plane  wave  on  the 
dielectric  cylinder  surface  is  focused  in  some  area 
around  the  focal  axis  inside  the  cylinder  or  outside  as 
second  refraction  of  the  rays  (Fig.  1). 

In  problem  solving  the  ordinary  approximations  of 
geometrical  optics  are  taken.  The  dielectric  cylinder 
surface  is  considered  as  locally  flat  in  point  of  ray 
incidence  (R»  A),  therefore  all  geometrical  optics 
lows  hold  true.  The  electrodynamics  boundary 
conditions  are  correct  in  the  form  for  a  plane  interface 
of  two  infinite  medium  with  diverse  electrophysical 
parameters. 

The  re-reflected  ray  amplitudes  are  accepted 
negligible  inside  the  dielectric  cylinder.  The  ray  paths 
are  determined  in  conformity  with  Snell’s  low. 


To  estimate  the 


E 


and 


H 


field  amplitudes  at 


each  point  of  a  cylinder  cross  section  it  is  necessary  to 
define  what  rays  can  pass  through  the  point.  We  solve 
the  transcendental  path  equation  for  angle  of 
incidence  in  given  point  for  that 


97 8-1-4244-7468-4/ 1 0/ $26  ©2010  IEEE 


The  Influence  of  Illuminating  Wave  Polarization  State  on  the  Electromagnetic  Field  Distribution  Inside  . . . 


y  =  R{1  -  cos  <p)  ■  tg(ip  -  Re  %) )  + 


(1) 


+R  sin  cp  —  tg(cp  —  Re(0) )  •  zn 
The  solution  set  cp.  for  each  pair  ( yn,zn )  are 

substituted  in  expression  for  E  and  H  . 

If  the  illuminating  wave  is  the  parallel  polarized 

wave  (E  Ex0)  then 

y°E  (y  ,z  )  =  T En  (V-iV  ) x 

a  p\an7  ny  /  j  p^T jian1  n ' 


V  v 

x[k2  sin2  cp.  —  cos  cp.  •  (Re(&2  cos  9(cp.))  —  ia )] 
z°E  (y  ,z  )  =  En  (cp.,y  ,z  )  x 

p\crn'  n '  Z _ J  p^rj'&n1  n ' 

j  j 

x sin [k cos cp.  —  (R e(k2  cos 9(cp.))  —  ia)] 

4  IfUD  (zx) 

H  (y  ,z)  =  Yl  °  v  1 

p\cf  n1  n  '  Z _ J 


0  PK^j' 


W 


—oc(zn  —  R(l— cos  ip. )) 

e  x 


,(2) 

(3) 

,(4) 


i-(il(tpj  ,yn  ,zn  )+arg  k2  — arg  W +7r) 

ejPM 


where 


xe 

En  (ip.*y  ,z  )  = 

V  v  r  J  7  °  n1  n  ' 


w  -a(z  -R(  1-cos w.))  iSKfPjMti&L) 

xe  3  • e  3 


£K<Pj  ,yn’zn)  =  ar§  Dp  ( v )  -  yk  sin  ^  +  kR  sin2  if.  - 
-  Re(fc2  cos  0((p. ) )  •  (zn  -  R(1  -  cos  ip.))- 
—kR(l  —  cos  cp.), 


j ’ 1  n/ 

a  -  medium  absorptance  ,  k  -  wave  vector,  W  - 
wave  resistance,  D  -  refraction  index  in  case  of 
parallel  polarized  wave. 

The  sought  result  is  absolute  value  of  expression  (4) 
and  absolute  value  of  vectors  (2)  and  (3)  complex  sum. 

If  the  illuminating  wave  is  perpendicular  polarized 

wave  (E  ||  x° )  then 

-—En(ip.,y,z) 

'V  x  ,(5) 

x[A:2  sin2  <p.  —  cos  cp.  •  (Re(A:2  cos  0(<p.))  —  ia)] 

En  ((p.,y  ,z  ) 

;  g,(v.,».)  =  -E  'V  X  ,  (6) 

x sin <p . [k cos <p .  —  (Re(A:2  cos 0(<p.))  —  ia)] 


E 


(»»>*„)  =  *0EM>,)H 


2  j' 

— cx.(zn  —  R{1— cos  p. )) 


•(7) 


xe 


iitt((pj,yn,zn)+ &rgk2) 


where 


En(ip.,yn,zn)  = 


-a^-Ril-cosip^)  i-Cl(<pryn,zn) 

xe  *  e 


W 


SKVpVniZj  =  ^ DXV,)  ~  y„ksia(Pj  +  kR sin2  tp.  - 
-  R e(fc2  cos  0{ip. ))-{zn-  R(  1  -  cos  ip. ))  - 
—kR(l  —  cos  cp.), 


j ' ’  n/ 

k2 1 - Uj7 

D  -  refraction  index  in  case  of  perpendicular 
polarized  wave. 


The  sought  result  is  absolute  value  of  expression  (7) 
and  absolute  value  of  vectors  (5)  and  (6)  complex  sum. 

3.  Numerical  Results 

The  calculation  has  shown  that  the  field  inside  dielectric 
cross  section  is  distributed  irregularly  and  it  has  multiple 
symmetric  form  relative  to  the  focal  axis.  The  electric 
and  magnetic  field  intensities  vary  according  to 
oscillating  law  on  the  focal  axis  of  the  dielectric  cylinder 
cross  section.  This  effect  is  the  result  of  interference  by 
three  rays  (central  ray  being  spread  on  the  cylinder  focal 
axis  and  two  symmetric  rays  being  refracted  at  some 
angle  to  an  incidence  normal)  which  pass  different 
optical  distances  (Fig.  1).  An  oscillations  shape  depends 
both  on  the  cylinder  parameters  (radius,  dielectric 
constant,  dielectric  loss  tangent)  and  on  the  illuminating 
wave  polarization  state. 

The  obtained  results  have  shown  that  the  field  local 
maxima  and  minima  in  the  focus  region  depend  on  the 
radius  of  the  cylinder  and  on  its  dielectric  constant.  The 
larger  radius,  the  more  field  oscillations  number  per 
unit  length  without  a  value  field  maximum  changing.  In 
this  region  the  field  amplitude  grows  with  increasing 
the  distance  from  the  cylinder  cross  section  center  in 
cases  of  both  the  parallel  and  perpendicular  polarized 
illuminating  wave.  The  behaviors  and  speeds  of 
increasing  the  electric  and  magnetic  field  intensities 
differ  from  each  other.  The  larger  dielectric  constant, 
the  more  the  number  of  the  field  oscillations  and 
focusing  rays  occur.  The  electric  field  intensity 
decreases  and  the  magnetic  field  intensity  grows  with 
increasing  the  distance  from  the  cylinder  cross  section 
center.  The  focus  region  moves  to  the  cross  section 
center  and  its  extent  reduces.  In  the  case  of  small 
dielectric  loss  tangent  (£g<5^C0.01)  the  regions  of 
equal  amplitudes  have  the  sector  shapes  widened  from 
the  focus  region.  The  regions  of  the  equal  amplitudes 
have  a  difficult  shape  and  decrease  in  the  case  of  the 
larger  dielectric  loss  tangent  (Fig.  2  -  3). 

4.  Conclusion 

The  effect  of  focusing  the  electromagnetic  waves  of 
various  polarization  states  by  cylindrical,  spherical 
and  ellipsoidal  dielectric  objects  can  be  some 
mechanism  of  an  electromagnetic  field  influence  on 
biologic  objects,  and  a  human  in  particular. 
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Fig.  2.  | Ep\  (a)  and  (b)  distributions  inside  dielectric  cylinder  cross  section  and  same  distributions  in 
focus  region  in  case  of  R=10A  ,  e  =  5  ,  tg6  =  0.01  (parallel  polarized  wave). 


Fig.  3.  |i£  |  (a)  and  |iJg|  (b)  distributions  inside  dielectric  cylinder  cross  section  and  same  distributions  in 
focus  region  in  case  of  R=10A  ,  e  =  5  ,  tgS  =  0.01  (perpendicular  polarized  wave). 
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Abstract 

The  transformation  of  Maxwell  equations  into  the  set  of  evolutionary  equations  is 
carried  out  for  the  case  of  arbitrary  electrodynamic  problem  in  unbounded  space 
filled  with  layered  inhomogeneous  nonlinear  transient  medium  with  losses.  The  in¬ 
homogeneity  of  medium  is  permitted  in  longitudinal  direction  only.  After  elimination 
of  longitudinal  components  of  electromagnetic  field  the  initial  problem  is  converted 
into  two  matrix  problems.  It  is  proved  that  the  matrix  operators  are  self-adjoint.  Eigen 
functions  and  eigen  numbers  of  the  operators  are  found.  Using  the  operators  to  Max¬ 
well  equations  is  the  projection  of  initial  equation  set  into  the  modal  basis  in  transver¬ 
sal  plane.  The  completeness  of  the  basis  is  proved  by  means  of  Weyl  theorem  about 
orthogonal  splitting  of  Hilbert  space.  As  a  result,  the  evolutionary  equation  set  is  ob¬ 
tained.  The  procedure  essentially  simplifies  the  solving  of  the  initial  nonlinear  tran¬ 
sient  problem  because  the  three-dimensional  problem  is  converted  into  the  problem 
for  one-dimensional  evolutionary  equations. 

Keywords:  Evolutionary  equations,  time  domain,  modal  basis  method,  nonlinear 
transient  inhomogeneous  medium. 


1.  Introduction 

The  work  presents  the  evolutionary  approach  to  elec¬ 
tromagnetics  that  is  oriented  to  solve  the  problem  in 
time  domain  directly.  Utilization  of  the  approach 
permits  to  solve  transient  problems  in  close  and  open 
electrodynamic  structures  filled  with  nonlinear  inho¬ 
mogeneous  transient  medium  with  losses  in  natural 
way,  without  Fourier  transform  application.  Instead 
of  Fourier  transform  that  transfers  the  solution  of  the 
problem  into  the  frequency  domain  where  we  lose 
the  time  variable  only,  the  evolutionary  approach 
converts  three-dimensional  problem  into  one¬ 
dimensional  problem  by  means  of  modal  basis  con¬ 
structed  in  transversal  plane.  The  completeness  of  the 
basis  is  proved  by  means  of  Weyl  theorem  about  or¬ 
thogonal  splitting  of  Hilbert  space  [1]. 

Originally  the  evolutionary  approach  was  applied  to 
the  resonator  problem  [2].  It  permitted  to  take  into 
account  dispersion  of  medium  [3]  and  time  depen¬ 
dence  of  permittivity  [4]  by  natural  course.  Later  the 
technique  also  known  as  modal  basis  method  was  used 
for  problems  in  waveguides  also  filled  with  layered 


inhomogeneous  nonlinear  transient  medium  with 
losses  [5].  An  arbitrary  electromagnetic  field  is  ex¬ 
panded  into  series  of  four-dimensional  eigen-vectors 
[6].  Weyl  theorem  about  orthogonal  splitting  of  Hil¬ 
bert  space  [1]  was  used  to  prove  completeness  of  the 
set  of  the  eigen-vectors,  and  assisted  to  show  clearly 
independence  of  TE-,  TM-,  and  TEM-modes  in  a  wa¬ 
veguide  filled  with  homogeneous  in  transversal  plane 
and  linear  medium.  The  case  of  inhomogeneous  in 
transversal  plane  medium  was  considered  as  well  [7]. 

The  application  of  evolutionary  approach  to  the 
radiation  problem  firstly  was  carried  out  in  cylindric¬ 
al  coordinate  system  [8]  but  for  the  case  of  linear 
homogeneous  medium  only  [9].  Nevertheless  the 
problem  of  diffraction  of  transient  wave  on  an  open 
end  of  waveguide  was  solved  in  time  domain  directly 
by  means  of  the  evolutionary  equation  technique 
[10].  The  approach,  previously  worked  out  by  Tre¬ 
tyakov  and  Butrym,  also  described  in  [7],  permitted 
to  obtain  the  set  of  evolutionary  equations  for  inho¬ 
mogeneous  in  transversal  plane  medium  [11]. 

Modal  basis  in  spherical  coordinate  system  was 
built  in  [12].  It  was  shown  that  the  decreasing  of  di¬ 
mension  of  the  problem  significantly  decreases  cal- 
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culation  time  using  analytical  solution  of  problems 
and  pure  numerical  solution  as  well  [13].  Also  it  is 
possible  to  construct  modal  basis  and  solve  the  prob¬ 
lems  with  angular  inhomogeneity  [14]. 

The  purpose  of  the  work  is  to  obtain  evolutionary 
equation  set  for  the  problem  of  propagation  of  tran¬ 
sient  electromagnetic  waves  in  unbounded  space 
filled  with  layered  inhomogeneous  nonlinear  tran¬ 
sient  medium  with  losses. 


s0div{s£}  =  Q;  //0divj  juti}  =  g , 

where 

Q  =  -divV'(£)  +  pa  +  pe\g  =  -&vM'{ii)  +  ph 


2.  The  Statement  of  the  Problem 

Transient  electromagnetic  fields  is  excited  by  given 
sources  of  field,  electrical  and  magnetic  charge  and 
current  connected  by  continuity  equations 

—  =  °,  divj*+  —  ph  =0 

dt  dt 

in  unbounded  space  filled  with  nonlinear  transient 
inhomogeneous  in  longitudinal  direction  medium 
specified  by  the  constitutive  relations  of  rather  gener¬ 
al  kind  like 

V[€)  =  e0£+V(€);  b(h)  =  (u  +  M{h)\  ; 

So,  we  state  the  problem  for  the  Maxwell  equation 
set 

rot H~V  +  ja+je;  -rot £=^-B  +  jh; 
dt  dt 

div  V  =  p<J+  pe\  di  vB  =  ph 

with  supplementary  condition  of  field  energy  restric¬ 
tion 


1 2  Zi  2  n  oo 

j  dt  J  dz  J  dcp J pdp[s0£  •£*  +  pfi,-TC^<  oo 

tx  zx  0  0 

that  is  necessary  for  correct  definition  of  norm  in  the 
modal  basis  later. 

3.  Reorganization  of  Constitutive 
Equations 

Let  us  allocate  linear  part  in  constitutive  equations  as 
follows 

V(8)  =  e0a(z,t)£+V'(E)\ 

M(ii)  =  z(z,t)H  +  M'(n); 

T>(£)  =  £0£(z,t)£+V'(£)-, 
g(«)  =  jUoJu(z,t)n  +  ju0M'{h)  , 

where  s{z,t)  =  l  +  ar(z,£) ,  p{z,t)  -  1  +  z{z,t)  • 

It  permits  to  write  out  Maxwell  equation  set  in 
more  compact  form 

rot  s0  —  \s£ }  +  J  ;  -rot  £  -  pQ  —  ipH\  +  i  ; 

dt 1  ’  dty  ] 


4.  Modal  Basis  Construction 

Let’s  denote  transversal  vectors  and  its  longitudinal 
component  as  follows 

£  =  E  +  z0Ez ;  H  =  H  +  z0Hz , 

di  —  J  +  Z$d z  ?  T  —  1  +  z0Iz . 

Projection  of  Maxwell  equations  into  transversal 
plane  and  longitudinal  axis  gives  us  new  equation  set 
in  which  the  longitudinal  components  of  field  can  be 
eliminated: 


wHx  = 


WEX  = 
f 


HI AAaaHIaavvl} 

1  d  I  1  d  r_  =1  a  J  1  f  1  d  T  1  rT7  . 
s  dz  [  ju0  dz L  J  dt  J  £  [jU0  dz  £oJu0 

where 


WHX  = 


*0 


WEX  = 


(  o 

V1  P„xVjV±2 

r 

vAo  VJzqXVJ. 

0  J 

A 

,xvJvx-/T 

L  [^0  x  VX  ]  A 

? 

'  0 

V‘Vi[V±x?o]-" 

E ' 

[V±xz„] 

|V±- 

0  J 

A 

re0-'V±[V±xz0]-ff 
A  [vix2o]v±-^. 


Using  Fourier-Bessel  transform  it  is  proved  that 
operators  WH  and  WE  are  self-adjoint  ones.  Their 

eigenvectors  form  basis  in  the  Hilbert  space  L\ . 
The  completeness  of  the  basis  is  proved  by  Weyl 
theorem  [1]. 


5.  Evolutionary  Equations 

The  projection  of  Maxwell  equations  on  the  modal 
basis  gives  us  set  of  eight  bounded  evolutionary  equ¬ 
ations  of  first  order  on  the  amplitudes  of  field  com¬ 
ponents.  The  set  can  be  simplified  and  converted  into 


100 


Ultrawideband  and  Ultrashort  Impulse  Signals,  6-10  September,  2010,  Sevastopol,  Ukraine 


Impulse  Irradiation  of  Layered  Medium  by  the  Open  end  of  Circular  Waveguide 


the  two  equations  on  amplitudes  of  longitudinal 
components 

d  d  did  2 1  A  h 

r-  = 


d 


1  o  1 


-  “4  +  £0  ~ZTSlzm  + - ~ - Sm  ; 


dt 


Mo  dz  n 


d  d 


d  1  d 


IS  IS  IS  1-  IS  f'l  \  A 

£•„«„ - U - £ - £  +  C  >A, 

0  0  dt  dt  dzsdz  r  ' 


.  d  1  d  1 

=  ~K  +  Mo  —MJ-_n  +  —  ~Z - Qn  > 

Ct  £’  <yZ  £ 


where 


00  w 

=~Yj\dXX2AmH  {zA\x)¥m, 

m= 0  0 

oo  00 

4="lj  dtf2AnE(z,t,Z)fa 


n= 0  0 

¥m{P^x)=J-d^de^- 

fX 

Other  components  of  field  can  be  easily  obtained 
from  longitudinal  ones  by  Maxwell  equations.  Here 
sources  of  charges  and  currents,  the  influence  of  non¬ 
linearity  of  medium  and  Ohm  law  in  general  case  are 
included  in  right-hand  sides  of  the  equations 

4*  =^l d(p\pdpiym  ; 


0  0 

2  n  oo 


J  Z.K  oo 

gm  =  —  f  d(p\  pdpgYm  ; 


0  0 

2  n  oo 


■y  00  |  00 

J„,  =  — J  M  pdpJzfn  ;  e„=  —  f  dtpf  pd pq</>1  ; 


2;r 


o  o 

|  2j  oo 

Jm  =  —  \d(p\pdpJ-\yy/'m*z, „]; 


0  0 

2;r  oo 


^  oo 

—  \d(p\pdpl -[z^fa]. 


In 

So,  the  equations  are  indirectly  bounded  by  their 
right-hand  sides  in  general  case. 


6.  Conclusion 

The  evolutionary  equation  set  for  the  problem  of 
propagation  of  transient  electromagnetic  waves  in 
unbounded  space  filled  with  layered  inhomogeneous 
nonlinear  transient  medium  with  losses  is  obtained. 
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Abstracts 

We  suggest  a  method  to  investigate  impulse  circuits  with  multiconductor  trans¬ 
mission  lines  in  time  domain.  The  transmission  lines  are  connected  by  a  multi-port 
with  linear  and  nonlinear  lumped  LCR-elements.  In  the  general  case,  transient  states 
in  these  circuits  are  described  by  degenerate  or  descriptor  delay  nonlinear  integro- 
differential  equations.  We  develop  theory  of  such  equations  and  numerical  methods 
to  find  solutions. 

Keywords:  Multiconductor  transmission  line,  lumped  elements,  loading  multi-port, 
vector  telegraph  equations,  delay  integro-differential  equation. 


1.  Introduction 

Characteristics  of  transient  states  in  circuits  with  mul¬ 
ticonductor  transmission  lines  are  used  to  decompose 
non-monochromatic  electromagnetic  fields  on  mode 
components  [1],  to  analyze  and  to  construct  electrical 
schemes  of  processors,  microwave  elements  and  sub¬ 
networks  [2],  distributed  multiconductor  interconnects 
and  other  microwave  devices  [3]. 

To  investigate  transient  states  in  circuits  with  mul¬ 
ticonductor  transmission  lines,  we  develop  the  method 
from  [4,5]  to  decompose  vector  states  of  multiconduc¬ 
tor  transmission  lines  on  mode  components.  The  cir¬ 
cuits  under  consideration  can  contain  arbitrary 
number  of  lumped  inductors  and  capacitors,  linear  and 
nonlinear  resistors  and  conductors.  Descriptor  delay 
differential  equations  with  integral  addends  arise  in 
describing  time-domain  models  of  these  circuits. 


pedance  RQ  >  0 .  It  is  equivalent  to  the  non- 
homogeneous  boundary  condition  at  x  =  0  : 

U(0,t)  +  R0I(0,t)  =  E(t).  (2) 

The  output  of  line  x  =  l  is  loaded  by  a  (  n  +  1  )-port 
with  arbitrary  number  of  lumped  elements.  Oscilla¬ 
tions  of  elementary  one-ports  with  lumped  elements 
are  described  by  the  non-linear  differential  equations 


UT  =L 


L  =C 


dUc 

dt 


dt 


■  +  rJ,+FXlL), 


.  +  gUc+W(Uc). 


Then  the  boundary  conditions  at  x  —  l  are  a  system 
of  nonlinear  differential  algebraic  equations  with  re- 


spectto  U  (l, t), I  (l, t), I  (t),Uc  (t)  . 

*  i 


2.  Dynamic  Equations  for  Circuit 
Elements 

Voltage  and  current  vectors  U(xR),I(xR)  E  Rn  in  a 
uniform  transmission  line  with  n  coupled  conductors 
satisfy  the  equations: 


3.  The  Case  of  Non-Dispersive  Line 

If  the  matrices  in  (1)  satisfy  the  condition  RC  =  LG , 
then  the  line  is  non-dispersive.  We  suggest  a  new  me¬ 
thod  to  pass  from  the  system  of  partial  differential  equa¬ 
tions  (1)  with  boundary  conditions  to  a  delay  differential 
algebraic  equation  of  the  following  vector  form 


dU 

dx 


di_ 

dt 


E  =  c 

—  +  GU, 

d 

dx 

dt  (i) 

dt 

t  >  0, 

0  <  X  <1. 

■  >  0  are 

real  symmetric 

where 

nxn  matrices.  The  input  x  =  0  is  perturbed  by  a 
vector  voltage  source  E(t )  with  internal  matrix  im- 


+  B0v(t)  +  J2  Bkjv(t  -  -  +  3-)  = 

fcj  j - 1  “ 

=m+F0(v ), 


(3) 

(4) 
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uk  -  WT  \ e  a(Lc)- 

Values  of  U{x,t),I(x,t)  at  arbitrary  points  (x,t)  are 
expressed  by  values  of  Ik  (/,  r) ,  U k  (/,  r)  with  the  help 
of  the  damping  factor  and  the  D’Alembert  principle. 

Since  det  AQ  =  0  ,  equation  (3)  is  descriptor  or  de¬ 
generate.  For  equation  (3),  we  prove  existence  and 
uniqueness  theorems,  develop  numerical  methods  to 
find  solutions  in  the  case  of  impulsive  input  sig¬ 
nals  E(t) .  For  this  purpose  we  use  mathematical  and 
numerical  methods  from  [8,9]. 

4.  The  Case  of  Dispersive  Line 

In  the  case  of  dispersive  multiconductor  transmission 
line  (RC  ^  LG)  we  modify  the  method  from  [5]  of 

integral  representations  of  Ik(x,t),Uk(x,t)  by  the 

source  functions  <fik  ( t ) ,  (t) .  The  most  simple  time- 

domain  model  is  obtained  in  the  case  of  normal  symme¬ 
tric  line  when  the  matrices  in  (1)  possess  the  properties: 

C{XL  +  R)G  =  G(XL  +  R)C, 

L(XC  +  G)R  =  R(\C  +  G)L.  ( 5 1 

These  properties  are  satisfied  for  single-wire  trans¬ 
mission  lines  with  scalar  equations  (1).  Conditions  (5) 
are  also  satisfied  for  many  classes  of  multiconductor 
transmission  lines,  for  example,  [6,7]. 

We  pass  from  the  system  of  partial  differential  eq¬ 
uations  (1)  with  boundary  conditions  to  the  semi- 
linear  delay  integro-differential  equation 

,  4  "  (6) 

+E  f  ^k(t,s)y(s)ds  =  f(t)  +  F(y), 

k=0  o 

where  y(t)  =  (<j>k ,  ipk ,  IL_ ,  UCj  f  (t),  =  0  , 

LJk  =  l,y\  ,  <Ijt  -  matrix  kernels  whose  elements  con- 
tain  scalar  Bessel  functions. 

Since  det  AQ  =  0  ,  equations  (6),  as  equation  (3), 

are  descriptor  or  degenerate.  As  in  Section  3  for  eq¬ 
uations  (3),  we  prove  existence  and  uniqueness  theo¬ 
rems  for  equations  (6),  develop  numerical  methods.  In 
the  case  of  cubic  functions  F.  (x) ,  W.  (x) ,  there  exists  a 

unique  global  solution  of  initial  value  problem  for 
equation  (6). 

5.  Example 

Consider  the  three-conductor  transmission  line  in  Fig.  1 
with  input  voltage  source  E(t)  =  (El ,  E2 ,  E3  )tr  (t)  and 

matrix  input  resistance  RQ .  The  line  output  is  loaded  by 
a  passive  four-port,  which  contains  1 8  lumped  elements 


such  that  6  elements  are  nonlinear.  The  dimension  of 
vector  y(t)  in  (6)  is  12: 

y(t)  =  (<t>k(t)Ak(t),ILi(t),Uc.(t))tr,  k,i,j  =  1,2,3. 


The  rank  of  AQ  (12x12)  is  equal  to  5  ( det  AQ  =  0  ), 
then  equation  (6)  is  descriptor  or  degenerate.  The  ma¬ 
trix  B{]  has  inverse  B~l  and  for  this  reason  XAQ  +  B0 
is  a  regular  matrix  pencil. 

We  build  a  numerical  solution  y(t)  of  equation  (6), 
a  numerical  solution  U{x,t),I(x,t)  of  equation  (1) 
and  numerical  values  I  (t) ,  U '  (t)  under  the  follow- 

i 

ing  assumptions.  The  initial  values  are  zero: 

U(x,  0)  =  0,  I (x,  0)  =  0,  I  (0)  =  0,  Uc  (0)  =  0. 

The  lumped  parameters  have  the  values: 

Lt  =  0.5  •  10“9,  =  10“9,  4=2- 10“9  H, 

<4  =2,  c2  =1,  <4  =0,5  pF, 

91  =  0.1,  g2  =  0.2,  g3  =  0.3T1-1, 
r}  =  0.01,  r2  =  0.02,  r3  =  0.0312. 


The  matrix  parameters  of  transmission  line  are  equal  to 


L  = 


C 
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Fig.  1.  The  three-conductor  transmission  line. 
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0.1423 

0.3 

0.2215 

0.1811 

0.2215 

0.4 
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G  = 

0.0606 

0.3 

0.1311 

0.0546 

0.1311 

0.5 

We  choose  the  nonlinear  conductances  W.{x)  =  b.xz , 

61  =0.1 ,62  =  0.2,  &3  =  0.3  ,  the  nonlinear  resistances 

Fix)  =  d.x3 ,  =  1,  d2  =  2,  d?>  =  3 ,  the  input  matrix 

resistance  A()  =  0.  lJU  D  ,  the  input  voltage  source  U(£) 

with  the  same  components  Ek(t)  =  2e~^~a)  ,2a  v  , 

a  =  21.4299  ps ,  cr  =  2.2163  .  In  Fig.  2-5,  there  are 

represented  graphs  of  some  components  of 

U(xf):I(xf)JL(t):Uc(t). 

*  i 
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Fig.  2.  The  current  IL  (t) . 


Fig.  3.  The  voltage  Ur  (t) . 


Fig.  4.  The  voltage  U2(x,t) . 


Fig.  5.  The  current  I2  (x,  t) . 
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Abstract 

Many  processes  in  near-to-Earth  space  caused  by  effects  of  powerful  non¬ 
stationary  natural  and  artificial  disturbance  sources  have  been  shown  to  be  ultrawide¬ 
band  processes.  Using  a  new  signal  analysis  method  called  as  the  system  spectral 
analysis,  some  parameters  and  peculiarities  for  that  processes  have  been  investigated 
and  estimated. 

Keywords:  Ultrawideband  signals  and  processes,  near-to-Earth  space,  natural  and 
artificial  disturbance  sources,  system  spectral  analysis. 


1.  Introduction 

Using  experimental  investigation  results,  many 
processes  in  the  Earth  -  atmosphere  -  ionosphere  - 
magnetosphere  system  were  shown  to  be  the  ul¬ 
trawideband  (UWB)  processes.  Such  processes  can  be 
caused  by  effects  of  powerful  non- stationary  natural 
and  artificial  disturbance  sources  such  as,  for  exam¬ 
ple,  powerful  earthquakes,  volcano  explosions,  indus¬ 
trial  explosions,  nuclear  weapon  tests,  terminator 
passages  and  thunderbolts  etc.  Geomagnetic  pulsa¬ 
tions,  rogue  waves  and  other  can  be  considered  as 
UWB  processes  too  [1-3]. 

For  the  analysis  and  processing  of  the  UWB  proc¬ 
esses  appears  advisable  to  use  the  same  methods 
which  already  were  successfully  used  at  research  of 
the  UWB  signals.  Actuality  of  this  work  is  condi¬ 
tioned  to  these. 

2.  System  Spectral  Analysis  Bases 

One  of  the  most  effective  modem  analysis  methods,  the 
system  spectral  analysis,  is  based  on  the  simultaneous 
application  of  linear  and  non-linear  integral  transforms 
[4-6].  In  first  group  there  are  the  continuous  wavelet 
transform  (CWT),  the  analytical  wavelet  transform 
(AWT),  the  Gabor  transform  (GT),  the  adaptive  Fourier 
transform  (AFT)  and  the  short-time  Fourier  transform 
(STFT).  Second  group  includes  the  Fourier  spectro¬ 
gram  (FS),  the  Wigner  transform  (WiT),  the  Choi- 
Williams  transform  (ChWT)  and  the  Bom-Jordan 
transform  (BJT).  In  addition  to  the  module  of  spectral 
density  function  (SDF),  for  every  transform  also  skele¬ 
tons,  energograms,  dispersions  of  the  SDF  module  for 
linear  transforms  and  standard  deviations  of  the  SDF 
module  for  non-linear  transforms  are  used. 


A  basic  idea  of  the  system  spectral  analysis  is 
compensation  of  lacks  of  one  transforms  due  to  ad¬ 
vantages  of  other  ones. 

A  quantity  and  set  of  integral  transforms,  used  in 
the  systems  spectral  analysis,  can  change  in  the  future. 
In  particular,  below  instead  of  Wigner  transform  the 
pseudo  Wigner  transform  (PWiT)  is  used. 

For  the  system  spectral  analysis  performing  the 
system  of  computer  mathematics  (SCM)  MATLAB 
7.X  [7]  including  packages  Wavelet  Toolbox,  Time- 
Frequency  Toolbox  [8],  Wave  Laboratory  [9]  and 
some  original  software  for  MATLAB  created  by  au¬ 
thors  was  used. 

3.  System  Spectral  Analysis  of  the 
UWB  Signals  and  Processes 

Using  the  system  spectral  analysis,  the  set  of  UWB 
signals  and  processes  were  investigated  in  detail  [6]. 

In  particular,  the  natural  electromagnetic  UWB  sig¬ 
nal,  obtained  in  the  observatory  of  San-Diego  (USA)  in 
three  days  after  the  strong  earthquake  («Joshua  Tree 
quake  event»  with  magnitude  M  =  6, 1 ),  which  took 
place  on  April,  22,  1992  in  South  California;  the  acous¬ 
tic  UWB  pulse  fixed  during  Bezymjanny  volcano  erup¬ 
tion  (on  March,  30,  1956);  the  temporal  variations  of 
full  electronic  content  in  an  ionosphere,  registered  on 
the  research  stations  in  Goldstone,  Yuma  and  Boulder 
(USA)  during  the  explosion  of  the  Sent-Hellens  volca¬ 
no  (on  May,  18,  1980);  one  of  unique  registrations  of 
rogue  wave  by  a  height  about  19  m  in  the  North  Sea, 
got  in  Norway  and  known  as  the  «New  Year  wave»  (on 
January,  1,  1995),  temporal  variations  of  terrestrial  cur¬ 
rents,  related  to  the  height  nuclear  explosion  produced 
during  operation  " Argus  II”  (on  August,  30,  1958);  the 
variations  of  D-  and  H-components  of  the  Earth’s  mag¬ 
netic  field  induction,  accompanying  the  «Proton»  carri¬ 
er  launch  from  the  Baykonur  cosmodrome 
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(Kazakhstan)  on  February,  12,  2000;  acoustic  pulse, 
generated  at  falling  of  the  Tunguska  body;  and  also 
variations  of  the  Earth’s  magnetic  field  induction, 
caused  by  passing  of  terminator  and  by  strongest  x-ray 
solar  eruption  on  December,  5,  2006  have  been  investi¬ 
gated.  New  information  about  the  time-frequency  struc¬ 
ture  of  these  signals  and  processes  was  obtained. 

As  an  example  applications  of  system  spectral 
analysis  let’s  consider  results  of  investigations  of 
temporal  variations  of  full  electronic  content  in  an 
ionosphere,  registered  at  the  research  station  in  Gold- 
stone  (USA)  during  the  explosion  of  the  Sent-Hellens 
volcano,  which  took  place  on  May,  18,  1980  in  15.32 
UT  [10].  Duration  of  registration  in  time  domain  is 

T  =  420  min  ,  scope  of  process  on  the  size  of  full 
electronic  content  is  A  «  1,2  •  1017  m~2 ,  number  of 

discrete  data  vector  bins  is  Nr  =  861 .  Counting  out 

of  time  is  conducted  from  a  moment  an  explosion. 

This  UWB  process  has  been  found  to  be  very  com¬ 
plex  (fig.  1,  fig.  2).  It  contains  the  disturbances  with 
three  characteristic  scales  which  are  T  ~  38  min , 

T  ~  75  min  and  T  ^  115  min  (last  it  is  possible  to 

notice  on  a  fig.  1,  f,  fig.  2,  c,  m,  n)  and  have  durations 
At  ~  120 min,  At  ~  100 min  and  At  ~  200 min 

accordingly.  The  last  values  are  indicated  very  ap¬ 
proximately,  as  a  time-frequency  structure  of  process 
is  complex  enough  practically  for  all  used  transforms. 

Moreover,  presumably,  makes  sense  in  general  to 
talk  about  three  different  UWB  processes  with  wide¬ 
band  indexes  fi  «  1, 2  ,  p  &  0, 7  and  p  —>  2  .  Both 

the  spectral  functions  of  linear  transforms  and  the 
SDF  of  nonlinear  transforms  talk  in  behalf  on  such 
interpretation  of  system  spectral  analysis  results. 

Conclusions 

•  The  system  spectral  analysis  as  a  new  integrated 
signal  analysis  method  based  on  the  simultaneous 
application  of  linear  and  non-linear  integral  trans¬ 
forms  got  further  development.  Quantity  and  set  of 
transforms  applied  can  be  increased  in  future. 

•  System  approach  first  was  successfully  applied  for 
the  analysis  of  UWB  signals  and  processes  of  dif¬ 
ferent  physical  nature. 

•  It  was  shown,  that  the  system  spectral  analysis 
allows  to  perform  complex  research  of  signal, 
compensating  the  lacks  of  one  used  integral  trans¬ 
forms  by  advantages  other  ones,  as  every  trans¬ 
form  has  the  own  unique  set  of  properties. 

•  It  was  pointed  that  the  simultaneous  use  of  linear 
and  non-linear  transforms  enables  effective  analy¬ 
sis  of  signals  in  presence  both  Gaussian  (by  linear 


transforms)  and  non-Gaussian  noise  (by  non-linear 
transforms). 

•  The  special  data  format  for  the  representation  of 
the  system  spectral  analysis  of  signals  was  con¬ 
structed. 

•  On  the  example  of  study  of  the  real  UWB  signals 
and  processes,  having  both  artificial  and  natural 
character,  efficiency  of  the  system  spectral  analy¬ 
sis  as  a  new  integrated  method  of  signal  analysis 
was  shown. 

References 

1.  Chemogor  L.  F.,  Rozumenko  V.  T.  2008,  ‘Earth  - 
Atmosphere  -  Geospace  as  an  Open  Nonlinear 
Dynamical  System’,  Radio  Physics  and  Radio  As¬ 
tronomy,  13,  No.  2,  120-137. 

2.  Zalyubovsky  L,  Chemogor  F.,  Rozumenko  V. 
2008,  The  Earth  -  Atmosphere  -  Geospace  Sys¬ 
tem:  Main  Properties,  Processes  and  Phenomena’, 
Space  Research  in  Ukraine.  2006  -  2008.  The  Re¬ 
port  Prepared  by  the  Space  Research  Institute  of 
NASU-NSAU,  19-29. 

3.  Chemogor  L.  F.  2008,  About  Nonlinearity  in  Na¬ 
ture  and  Science:  Monograph  \  Kharkov:  V.  N. 
Karazin  Kharkov  National  University  (in  Rus¬ 
sian). 

4.  Lazorenko  O.  V.,  Chemogor  L.  F.  2007,  ‘System 
Spectral  Analysis  of  Signals:  Theoretical  Bases 
and  Practical  Applications’,  Radio  Physics  and 
Radio  Astronomy,  12,  No.  2,  162-181  (in  Russian). 

5.  Chemogor  L.  F.,  Lazorenko  O.  V.,  2008,  ‘System 
Spectral  Analysis  of  the  Ultrawideband  Signals’, 
Proc.  Ultrawideband  and  Ultrashort  Impulse  Sig¬ 
nals,  15  -  19  September,  2008,  Sevastopol, 
Ukraine ,  45-50. 

6.  Lazorenko  O.  V.,  Chemogor  L.  F.  2009,  ' Ultrawi¬ 
deband  Signals  and  Processes:  Monograph  \ 
Kharkov:  V.  N.  Karazin  Kharkov  National  Uni¬ 
versity  (in  Russian). 

7.  Manassah  J.  T.  2001,  Elementary  Mathematical 
and  Computational  Tools  for  Electrical  and  Com¬ 
puter  Engineers  Using  Matlab ,  Boca  Raton,  CRC 
Press. 

8.  Auger  F.,  Flandrin  P.,  Goncalves  P.,  Lemoine  O. 
2005,  Time-Frequency  Toolbox  Reference  Guide , 
Hewston,  Rice  University. 

9.  Mallat  S.  1998,  A  Wavelet  Tour  of  Signal 
Processing ,  Academic  Press. 

10.  Roberts  D.  H.,  Klobuchar  J.  A.,  Fougere  P.  F., 
1982,  ‘A  Large- Amplitude  Traveling  Ionospheric 
Disturbance  Prodused  by  the  May  18,  1980,  Ex¬ 
plosion  of  Mount  St.  Hellens’,  Journal  of  Geo¬ 
physical  Research ,  87,  No.  A8,  6291-6301. 


106 


Ultrawideband  and  Ultrashort  Impulse  Signals,  6-10  September,  2010,  Sevastopol,  Ukraine 


Ultrawideband  Signals  and  Processes 


Fig.  1.  The  results  of  analysis  of  the  temporal  UWB  variations  of  full  electronic  content  in  an  ionosphere,  reg¬ 
istered  on  the  research  station  in  Goldstone  (USA)  during  the  explosion  of  the  Sent-Hellens  volcano 
(on  May,  18,  1980):  a,  j  -  signal  in  time  domain,  b  -  CWT  SDF  with  gausl  wavelet,  c  -  CWT  SDF 
sceleton,  d  -  phase  of  complex  coefficients  of  AWT  with  cgaul  wavelet,  e  -  GT  SDF  module,  f  - 
CWT  SDF  energogram,  g  -  dispersion  of  CWT  SDF  coefficients,  h  -  GT  SDF  energogram,  i  -  disper¬ 
sion  of  GT  SDF  module,  k  -  AFT  SDF  module,  1  -  AFT  SDF  sceleton,  m  -  STFT  SDF  module,  n  - 
STFT  SDF  skeleton,  o  -  AFT  SDF  energogram,  p  -  dispersion  of  AFT  SDF  module,  q  -  STFT  SDF 
energogram,  r  -  dispersion  of  AFT  SDF  module. 
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Fig.  2.  The  results  of  analysis  of  the  temporal  UWB  variations  of  full  electronic  content  in  an  ionosphere,  reg¬ 
istered  on  the  research  station  in  Goldstone  (USA)  during  the  explosion  of  the  Sent-Hellens  volcano 
(on  May,  18,  1980):  a,  j  -  signal  in  time  domain,  b  -  PWiT  SDF,  c  -  PWiT  SDF  sceleton,  d  -  FS  SDF, 
e  -  FS  SDF  sceleton,  f  -  PWiT  SDF  energogram,  g  -  dispersion  of  PWiT  SDF  coefficients,  h  -  FS 
SDF  energogram,  i  -  dispersion  of  FS  SDF  module,  k  -  ChWT  SDF  module,  1  -  ChWT  SDF  sceleton, 
m  -  BJT  SDF  module,  n  -  BJT  SDF  skeleton,  o  -  ChWT  SDF  energogram,  p  -  dispersion  of  ChWT 
SDF  module,  q  -  BJT  SDF  energogram,  r  -  dispersion  of  BJT  SDF  module. 
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Abstract 

The  representation  and  convergence  problems  of  trigonometric  and  orthogonal 
Fourier  theory  are  considered.  The  application  peculiarities  of  classical  spectral  anal¬ 
ysis  to  the  case  of  ultra  wideband  signals  and  completed  signals  spectmm  are  dis¬ 
cussed.  Some  conditions  which  restrict  spectral  methods  application  are  pointed  out. 

Keywords:  Ultra  wideband  signals,  spectral  analysis,  Fourier  series,  convergent 
representation  problem. 


1.  Introduction 

Spectral  analysis  of  signals  (Fourier  series  and 
integral)  is  widely  used  in  communication  theory, 
information  theory,  theoretical  radio  engineering  and 
other  divisions  of  Fourier  integral  with  integration 
limits  at  full  interval  of  possible  existence  time  of 
signal  and  for  obtained  of  information  about  signal 
not  infrequently  statistical  methods  are  used  consist¬ 
ing  in  expansion  it  into  a  complete  orthonormal  sys¬ 
tem  of  functions,  Fourier  series  or  Fourier  integral 
signal  presentation. 

Now  impetuous  progress  of  ultra  wideband  (UWB) 
technologies  and  investigations  it  in  different  areas  of 
science  and  engineering  is  observed.  The  new  kind  of 
signals  application  which  were  appeared  last  fifteen 
years  ago  require  both  development  and  new  mathe¬ 
matical  methods  usage  for  it  analysis  such  us,  system 
spectral  analysis  [1],  different  kind  of  wavelet  analy¬ 
sis  [2,3],  and  known  transformation  modification  (for 
example,  adaptive  Fourier  transformation^]). 

Nevertheless  is  spite  of  categorical  opinion  about 
proposes  description  of  UWB  signal:  by  spectral  me¬ 
thod,  for  frequency  range  determination  which  signal 
occupy,  there  is  no  another  way,  except  Fourier  series 
coefficients  or  Fourier  transformation  calculation. 
Therefore  classical  spectral  analysis  basis,  conver¬ 
gence  problem  investigation,  Fourier  series  and 
Fourier  integral  representation  is  case  of  UWB  signal 
usage  have  certain  interest.  In  considering  given 
points  we  make  use  the  theory  of  trigonometric  and 
orthogonal  series  results  [5,7]. 

2.  Representation  of  UWB  Signals  by 
Fourier  Series  Problems 

The  difficulties  which  arise  in  consequence  of  trigo¬ 
nometric  Fourier  series  application  for  the  complete 


signals  presentations  are  pointed  out  in  [6].  The  prob¬ 
lem  about  presentation  possibility  of  any  measurable 
function  f(x)  by  trigonometric  series 


oo 

-  ^  (an  cos  nx  +  bn  sin  nx^J , 


which  converge  (or  summing  up  almost  everywhere  to 
f(x) )  was  formulated  by  N.N.  Lusin  at  the  beginning 
last  century  yet.  Since  that  time  N.N.  Lusin  problem 
they  try  to  solve  but  it  turn  out  very  difficult  and  prob¬ 
lem  solution  was  unknown  until  the  review  [5]  was 
write. 

As  concern  the  case,  when  function  f(x)  is  finite 
almost  everywhere  then  in  his  direction  fundamental 
result  was  obtained  by  D.E.  Menshov  who  proved, 
than  any  no  metric  series,  which  almost  everywhere 
converge  to  f(x) .  D.E.  Menshov  theorem  is  valid  and 
for  series  over  Haar  system. 

The  signal  representation  over  Walsh  system  which 
was  suggested  by  H.F.  Harmuth  at  the  beginning  1970 
years  [6]  has  practical  importance,  so  far  as  on  the  basis 
of  this  presentation  the  different  radio  engineering  sys¬ 
tems  were  developed  and  exploited  successfully. 


3.  Convergence  of  Fourier  Series 

The  main  problem  of  trigonometric  and  orthogonal 
series  theory  consist  in  convergence  investigation  of 
Fourier  series  of  function  f(x)  to  it  self  or  in  recon¬ 
struction  f{x)  by  its  Fourier  series. 

Kolmogorov-Selivestrov  and  Plevner  established 
for  trigonometric  series  that  from  condition 

EK+Ul0gfl<0° 

n= 0 

follows  convergence  almost  everywhere  on  [0,27 r] 
series. 
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oo 

■  ^  [an  cos  to  +  bn  sin  to ) . 


On  the  case  of  general  orthogonal  series  complete¬ 
ness  of  system  j pn  determines  convergence  of 

Fourier  series.  In  order  that  the  series 


5.  Conclusion 

An  appearance  of  a  new,  including  “exotic”  kind  of 
signals,  stimulates  both  development  new  methods  for 
its  analysis  and  boundary  application  search  of  clas¬ 
sical  spectral  analysis  and  rigour  standard  increase  of 
signal  mathematical  models. 


n— 0 

converges  in  L2(X,p)  it  is  necessary  and  sufficient 
that  equality 

n= 1  x 

holds  true.  However  this  convergence  is  not  absolute. 
It  is  shown  in  [7]  that  any  complete  orthogonal  system 
can  be  numerated  in  such  order?  That  on  it  will  exist 
divergent  series  from  L 2 . 

4.  Fourier  Transform 

The  concept  about  signal  spectrum  as  Fourier  integral 
applicable  to  complicated  and  wideband  signals  have 
been  analyzed  in  [8]  and  it  is  shown  incorrectness  of 
spectrum  calculation  on  infinite  time  interval  and  for 
signals  description  the  instantaneous  spectrum  it  is 
suggested  to  use. 

Let  point  out  conditions  which  in  case  of  UWB 
signals  spectral  methods  application  restrict  [9].  At 
first  UWB  signals  transform  essentially  depend  on 
middle  frequency  which  like  that  it  is  impossible  to 
exclude  from  consideration.  Moreover  the  signal  re¬ 
presentation  accuracy  near  its  switching  on  point  di¬ 
rectly  connected  with  spectral  function  representation 
accuracy  in  infinitely  wide  frequency  range. 

For  UWB  signals  analysis  in  [4]  it  is  suggested 
new  kind  of  transformation-adaptive  Fourier  trans¬ 
form.  The  adaptability  consists  in  adaptation  of  time 
internal  processing  to  estimating  period  value  of  sig¬ 
nal  Fourier-component. 
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Abstract 

In  this  paper  it  is  pointed  out  that  three  from  four  summatory  equations  of  mathe¬ 
matical  diffraction  theory  of  plane  electromagnetic  waves  on  planar  periodical  struc¬ 
tures  are  entirely  identical  with  mathematical  model  of  unipolar  impulses  of  different 
form.  It  is  shown,  that  in  geometrical  optics  approach  the  diffraction  problem  on  grat¬ 
ings  reduces  to  spectral  characteristics  of  periodic  sequence  of  rectangular  form  im¬ 
pulses  determination 

Keywords:  Mathematical  model,  spectmm,  signal,  diffraction. 


1.  Introduction 

Periodic  sequence  of  different  form  impulses  spectra 
in  the  case,  when  in  the  period  one  impulse  contain, 
are  investigated  in  detail  [1-3].  Meanwhile  the  number 
of  papers  in  which  similar  problem  was  solved  for  the 
case  of  presence  in  the  period  several  impulses  is  con¬ 
siderably  less  [4],  although  practical  interest  to  devic¬ 
es  which  work  are  based  on  summation  on  common 
load  two  or  more  reciprocally  displaced  in  time  vi¬ 
deoimpulse  sequences  is  rather  high  [5].  Moreover 
taking  into  consideration  mathematical  means  similar¬ 
ity  which  is  used  for  characteristics  analysis  both 
time-frequency  and  space  spectra  it  is  interesting  ap¬ 
plication  of  results  obtained  by  periodic  impulses  se¬ 
quence  (PIS)  spectra  analysis  for  problem  solution  of 
spectral  characteristics  optimization  both  simple  [6] 
and  multi-element  gratings. 

2.  Solution  of  the  Problem 

Let  us  go  into  question  in  detail.  Quite  obviously  that 
in  Kirchhoff  approach  an  electric  field  in  grating 
plane  is  represented  PIS  of  rectangular  form,  so  far  as 
uniform  light  of  grating  splits  is  suggested  and  field 
distortion  near  strip  edges  disregarded.  In  long  wave 
resonance  regions  on  electric  field  in  gratings  splits 
should  be  approximated  in  the  basis  of  piece- 
sinusoidal  (E-polarization)  functions  so  far  as  such 
approximation  allows  representing  electric  field  in 
splits  as  PIS  of  cosinusoidal  form. 

Let  prove  this  statement.  For  this  purpose  we 
present  the  mathematical  model  of  scattering  plane  E- 
polarized  wave  which  obliquely  falling  on  grating 
consisting  of  ideally  conducting  rods  with  rectangular 
cross-section  [8]. 
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a1  =  a  +  Sn  ,  a  and  b  -  reflection  and  passage 
coefficients  accordingly,  dQn  -  Kroneker  symbol,  and 

rest  of  definitions  correspond  accepted  in  paper  [8]. 

The  discretization  of  mathematical  model  gives  rise 
to  direct  and  inverse  connection  formulas.  In  particu¬ 
lar  for  passage  coefficients  b  we  have: 


b  =-Y( c  +d  )K  (t  ),  (1) 

n  c\  Z _ J  \  m  m )  m  \  n )  7  v/ 

^  m— 1 
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rn  =  2 6{n  +  v) ,  at  the  same  time  for  these  functions 
the  following  summatory  representation  is  valid: 


oo 

y  k  (t)k  (~t  ) 

Z _ J  m  \  n  /  s\  n  ) 


0,  m  ^  s; 

2 jO  ,  m  =  5,  n  E  N 


The  formula  (1)  was  obtained  in  paper  [4]  in  consid¬ 
eration  of  PIS  spectra  of  cosinusoidal  form  and  use  of 
theorem  about  sum  of  function  spectrum  [1].  Below 
we  consider  PIS  spectra  of  rectangular  and  cosinu¬ 
soidal  form  in  the  case  when  in  the  period  it  is  con¬ 
sisting  of  N  impulses. 


3.  Optimization  PIS  Spectra  of 
Different  Form 

Let  in  the  period  2tt  of  investigated  PIS  of  different 
form  it  is  consisting  of  N  impulses,  moreover  every 

impulse  has  lengths  r  and  high  U  ( i  =  1,  N ).  An 
original  function  f(a)  is  defined  at  the  system  of 
intervals  j a.,  a.  +  r  \ .  Amplitude  c  and  phase  p 
spectra  are  determined  by  Fourier  series  coefficients 
an  and  bn  in  the  following  way: 


n^O 


arctg(—) 

a 


This  formula  has  cleanly  interference  nature  that  is  cn 
depends  on  impulses  leading  fronts  phase  difference. 

4.  Conclusion 

In  conclusion  we  use  obtained  results  for  spectral  cha¬ 
racteristics  optimization  of  strip  grating  exited  nor¬ 
mally  falling  plane  E-polarized  wave.  Taking  into 
consideration  evident  analogies r  d  ,  2i t  O  l, 
condition  for  harmonics  points  translation  (sliding), 
l  =  A  |  n  | ,  we  obtain  optimal  value  of  grating  gap 
width: 


d  =  ^(2m  +  1),  ra  =  0,  n  —  1 , 

where  A  -  is  wavelength  of  origin  field. 

The  calculations  show  that  main  maximum  for  \b 

I  n  I 

occur,  if  on  grating  gap  greatest  from  possible  for 
given  n  number  of  semi-wave  is  packed  that  is  if  the 

strip  width  is  equal  ^ .  An  executed  analysis  may  be 

generalized  for  multi  element  grating  spectral  charac¬ 
teristics  optimization. 


For  the  equilength  impulses  r  =  r  ,  arbitrary  dispos¬ 
ing  in  the  period  2n ,  an  and  bn  present  in  the  general 
form: 

%  =  /»(T)ZA  COS((7rT  /  2)(k i  +  !))» 

i=l 

K  =  f„(T)J2U,  Sin((7rT  /  2)(k i  +  !))> 

i= 1 
O'. 

where  k  =  — L  ,  a.  -  leading  front  phase  of  i-th  im- 
1  0 

X 

pulse, 

2  sin  (nr  /  2)  ^ 

f(T)  =  y  n 

JnK  J  r  cos  (nr  /  2)  (  . 

2  7r2  /  4  —  [nr  /  2)2  ’ 

and  also  (2)  is  for  PIS  rectangular  form  and  (3)  is  for 
PIS  of  cosinusoidal  form. 

Let  use  obtained  formula  for  optimization  of  binary 
sequence  of  rectangular  form  impulses  spectral  cha¬ 
racteristics,  since  in  the  first  place,  namely  this  case  is 
realized  in  frequency  multipliers  [5]  and  secondary  for 
this  case  all  the  features  of  considered  problem  are 
shown  and  first  of  all  interference  nature  of  investi¬ 
gated  phenomena.  For  amplitude  spectrum  cn  we 
have: 
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Abstract 

Effective  algorithm  for  processing  impulse  signals  which  are  scattered  by  plane¬ 
layered  media  is  discussed.  The  case,  when  effective  thickness  of  layers  is  less  than 
spatial  size  of  an  impulse  is  under  consideration.  Such  problem  of  evaluating  layers 
properties  (thickness)  is  rather  complicated  for  the  implementation.  Brief  theoretical 
analysis  of  possibilities  of  various  approaches  for  processing  of  signals  is  carried  out. 
Computational  algorithm  and  the  corresponding  software  for  evaluation  not  only  a 
time  delay,  but  also  geometrical  characteristics  of  the  investigated  structures  are  de¬ 
scribed.  Both  results  of  numerical  modelling,  experimental  researches  and  sensitivity 
and  resolution  of  different  approaches  are  presented  and  discussed. 

Keywords:  Pulse  signals,  definition  of  a  delay  of  signals,  Hilbert  transform,  plane¬ 
layered  media,  thickness  measurements. 


1.  Introduction 

The  development  of  the  element  base  of  modem  ra¬ 
dio-electronic  devices  on  the  one  hand  opens  up  new 
possibilities  for  their  practical  use,  but  on  the  other  - 
dictates  new  requirements  for  the  information  proc¬ 
essing  techniques.  This  fully  applies  to  the  interpreta¬ 
tion  of  georadar  subsurface  sounding  data.  The  key 
feature  of  the  video  pulses  processing  is  problem  of 
pulse  delay  determination.  This  delay  is  basis  for  the 
determinination  the  physical  and  geometrical  parame¬ 
ters  of  the  objects.  Previously  proposed  approaches  to 
its  solution  [1,2],  based  on  the  application  of  the  Hil¬ 
bert  transform  and  suitable  for  sensing  dielectric  lay¬ 
ers  with  effective  thickness  greater  than  the  spatial 
size  of  the  probe  pulse.  On  the  other  hand,  in  many 
practical  applications  (road  constmction,  biomedi¬ 
cine),  it  is  necessary  to  analyze  the  properties  of  mul¬ 
tilayer  stmctures  consisting  of  thin  layers  (compared 
to  the  characteristic  spatial  size  of  the  probe  pulse). 
Direct  application  of  the  known  methods  of  signal 
processing  in  this  case  is  impossible.  The  aim  of  this 
work  is  to  present  methods  and  computational  algo¬ 
rithms  to  interpret  the  data  sensing  multilayer  objects 
with  layers  of  small  electrical  thickness. 

2.  Problem  Statement 

As  noted  above,  the  solution  of  many  practical  prob¬ 
lems  need  to  receive  data  on  the  physical  parameters 
(thickness,  density,  saturation)  of  inhomogeneous 
layered  stmctures.  Initial  processing  of  experimental 
data  in  these  problems  are  usually  reduced  to  the 


problem  of  determining  the  temporal  delay  of  the  re¬ 
flected  pulse  from  the  internal  inhomogeneities.  The 
main  problem  in  this  case  is  separation  of  overlapping 
signals  and  determining  appropriate,  such  as  primary, 
time  points  for  each  signal.  Effective  tool  for  solving 
such  problems  are  algorithms  that  use  the  Hilbert 
transform.  From  the  general  signals  theory  it  is  known 
that  the  Hilbert  transform  for  any  arbitrary  causal  sig¬ 
nal  is  an  ideal  broadband  phase  shifter,  which  pro¬ 
vides  rotation  of  the  initial  phases  of  all  frequency 
components  of  the  signal  at  an  angle  of  90°  (shift  to 
7t^2  ).  Direct  Hilbert  transform: 


x(t )  =  TH  \x(t) |  =  x(t)  *  (1  /  7T  t)  =  —  f  X ^  dr ,  (1) 

L  J  7 T  J  t  —  T 

— oo 

for  the  arbitrary  function  real  x(t) ,  —  oo  <  t  <  oo  , 
could  be  given  by  convolution  x(t )  with  function 
hb(t )  =  1  /  (tt  t) .  Function  1  /  (t  —  r)  called  the  ker¬ 


nel  of  the  Hilbert  transform.  Integral  of  the  transform 
has  a  singular  point  a  —  t  —  r  0 ,  in  which  one 
should  use  their  Cauchy  principal  value: 


lim 

a— >  0 


t— a  oo 

/  •  / 


— oo  t-ia 


In  the  literature  on  the  theory  of 


signals  Hilbert  transform  for  analog  signals  is  proposed 
to  perform  not  according  to  the  formulas  of  the  linear 

convolution  operator  \ji\t ,  which  leads  to  the  oo  at 
t  =>  0  ,  but  through  a  spectmm  of  the  analytic  function 


97 8-1-4244-7468-4/ 1 0/ $26  ©2010  IEEE 


Batrakov  D.  O.,  Golovin  D.  V.,  Simachev  A.  A.  and  Batrakova  A.  G. 


z(t)  =  x(t )  +  ix(t)  <^>  X(v)  -h  i  X(v)  =  Z(u); 

r  =  VA  (  } 

Substitute  in  (2)  function  X{y)  =  —i  sng{y)X{u) , 
and  obtain: 

Z(v)  =  \l  +  sng(v)\x{v),  (3) 

where  function  1  +  sng(u)  equals  0  at  v  <  0  ,  equals 
1  at  v  —  0  and  2  at  u  >  0 ,  besides: 

2A(V),  z/  >  0 

Z(z/)  =  -A(0),  z/  =  0  (4) 

0,  z/  <  0 

i.e.  the  spectrum  of  the  z(t )  function  is  one-side  and 
could  be  obtained  directly  from  the  x(t)  function 
spectrum  with  v  >  0 .  Inverse  Fourier  transform  for 
Z(y)  function  should  lead  one  to  a  complex  func¬ 
tion  z{t) ,  and  from  the  (4)  one  can  obtain: 

oo 

x(t)  =  Re  2  J  X{y)  exp(i27r  iz  t)  du  ,  (5) 

o 

oo 

x{t)  =  Im  2  J  A(z/)exp(z 27t  ut)  du  .  (6) 

o 

In  discrete  form,  with  a  total  N  samples  of  the  func¬ 
tion  x(t)  with  time-step  At  and  frequency  step 
Au  =  l/  (NAt) : 

N- 1 

X(nAt)  =  x{kAt)  exp(— i2itkn  /  A),  .  . 

&=o  ?  ^ 7 ' 

n  =  0,1,..., N  /  2 

x(kAt )  = 

JV/2  1  /O') 

=  A/ Re  +  2^  X(nAv) exp(?27rfcn,  /  iV) 

n=l 

"iV/2 

x(kAt)  =  2Az/Im  ^  A(nAz/)exp(z27rA;n  /  A)  .(9) 

n=l 

Based  on  the  above  properties  of  the  Fourier  and  Hil¬ 
bert  transforms,  the  authors  of  [1]  attempted  to  correct 
formulation  of  the  concept  of  delay,  calling  the  such 
delay  the  “Hilbert  delay”.  The  reason  of  this  scheme 
application  is  based  on  the  allocation  of  the  total  sig¬ 
nal  received  by  antenna,  the  so-called  minimum  phase 
part  [3].  This  allocation  is  carried  out  as  follows:  for 
the  recorded  signal  U ( t )  one  can  construct  phase  part 
of  the  spectral  component  with  the  formula: 


— oo 


where  \u  -  module  of  the  Fourier  spectrun  of  the 
initial  signal  U  =  | U  •  exp[z  •  ^  (uj  j].  If  this 


phase  part  express  like:  ^(uS)  =  +  7 (cj)  ,  one 

can  obtain  following  factorization  for  any  signal: 

V  (iw)  =  |  V  (w)|  •  exp[i  •  (f>  7)]  •  exp[*  •  7  (A  = 

where  =  |  Vr(A)|  •  exp[i  •  <p(uj)\  -  Fourier  spectrum 

of  the  minimal-phase  signal  part, 
M(iuS)  =  exp[z  •  7(0;)]  -  maximal-phase  signal  part 

spectrum  m(t)j .  Module  of  the  minimum-phase  spec¬ 
trum  of  the  signal  coincides  with  the  modulus  spec¬ 
trum  of  the  original  signal,  and  the  module  of  the 
spectrum  maximum-phase  part  is  equal  to  1.  As  a 
function  of  uncertainty  of  the  signal  delay  on  Hilbert 
one  should  take  the  maximum-phase  component 

m[t)j  of  the  signal  U{t) ,  i.e: 

^  00 

m  (*K\f  M  •  exp (iujt)duj .  (12) 

— 00 

Hilbert  signal  Delay  relative  to  the  time  t  =  0  is  called 
the  maximum  of  the  delay  ambiguity  function.  Analy¬ 
sis  of  the  Hilbert  transform  properties  shows  that  the 
maximum  of  its  modulus  will  be  in  the  points  of  sig¬ 
nal  smoothness  violation,  where  the  first  derivative 
has  discontinuity.  These  points  are  obviously  the  point 
of  beginning  of  the  signal,  which  makes  such  a  deter¬ 
mination  delay  intuitive.  However,  such  approach  has 
the  drawback  associated  with  the  need  to  calculate  the 
phase  of  the  spectrum  minimum  phase  components  of 
the  formula  (10).  Obviously,  if  harmonics  with  small 
amplitudes  are  present  in  the  original  signal  spectrum, 

the  modulus  of  the  integrand  ln|A(#)|  increases 

strongly.  And  if  any  spectral  amplitude  is  zero,  this 
function  generally  tends  to  minus  infinity.  As  shown 
by  numerical  simulation,  this  algorithm  works  well 
only  for  certain  kinds  of  signals,  whose  shape  is  simi¬ 
lar  to  the  5-function.  This  is  understandable,  since  in 
the  spectrum  of  5-functions  are  present  all  the  spectral 
components  with  equal  amplitudes. 

In  another  approach,  proposed  in  [1]  based  algo¬ 
rithm  for  detecting  UWB  georadar  signals  and  deter¬ 
mination  of  their  characteristics  suggested  to  analize 
Hilbert  transform  module.  More  precisely,  the 
modulus  of  the  Hilbert  transform  will  be  the  module 
of  the  function  x(t)  defined  by  (1).  But,  in  fact,  au¬ 
thors  propose  to  evaluate  the  integrated  module  of  the 
analytic  signal  constructed  from  the  original  signal 
using  Hilbert  transform.  Such  a  function  is  smooth 
and  unipolar.  It  has  only  one  maximum,  so  the  detec¬ 
tion  signal  on  the  time  axis  is  reduced  to  finding  the 
maxima  of  its  modulus.  The  polarity  of  the  pulse  is 
determined  by  the  values  of  the  wave  function  at  the 
time  corresponding  to  the  maximum  of  the  module. 

The  transform  function  is  usually  represented  in 
complex  form  h(t)  =  x{t)  +  ix(t) .  In  the  theory  of 
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analytic  signals  through  its  module  |ft(£)|  determines 
the  pulse  A{t)  envelope: 

A(t)  =  \h(t)\  =  +  (13) 

We  propose  the  following  scheme  for  determining 
the  time  delay  of  signals  reflected  from  the  inner 
boundary  plane  layered  structures: 

•  With  the  transform  of  the  original  signal, 
represented  by  samples  in  the  time  domain  accord¬ 
ing  to  (1)  compute  its  Hilbert  transform; 

•  Form  the  complex  spectrum  of  the  analitical  sig¬ 
nal; 

•  Synthesizing  function  of  time  distribution  signal 
A(t)  module  according  to  the  formula  (13); 

•  Search  for  peaks  of  this  function; 

•  Determine  the  polarity  of  the  reflected  pulses  on 
the  basis  of  analysis  of  the  sign  of  the  function 
x(t)  at  the  appropriate  time 

3.  Numerical  Algorithm 

In  order  to  perform  numerical  tests  and  for  practic¬ 
al  application  of  the  proposed  signals  time  delay  de¬ 
termining  scheme  appropriate  software  has  been 
developed. 

With  the  help  of  this  software  a  series  of  computa¬ 
tional  experiments  were  performed.  Results  of  these 
experiments  are  shown  at  Fig.  1,2.  As  the  probe  was 
selected  pulse  of  georadar  "Odyag"  used  by  the  De¬ 
partment  of  research  and  design  of  roads  Kharkov 
National  Automobile  and  Highway  University  in  the 
assessment  of  road  surfaces  and  road  pavements.  The 
pulse  duration  is  approximately  1  ns,  repetition  rate 
20  kHz,  amplitude  -  200V. 

As  can  be  seen  from  the  figure  for  the  layer  thick¬ 
ness  of  1  cm  used  spectral  Hilbert  transform  does  not 
allow  to  determine  the  thickness,  since  the  processed 
signal  contains  only  one  maximum  (Fig.  3a).  This 
same  source  signal  processed  using  the  integral  of  the 
Hilbert  transform  of  the  quadrature  formula  (1),  has  2 
peak,  separated  by  a  distance  roughly  corresponds  to 
the  thickness  of  the  layer. 

Conclusion 

The  main  conclusions  to  be  drawn  from  the  results  of 
numerical  modeling  is  that  the  proposed  algorithm 
and  the  developed  software  is  an  effective  tool  for 
monitoring  of  industrial  sites  and  road  construction. 
Proposed  scheme  of  signals  time  delay  calculating  can 
be  usefull  for  solution  of  the  major  georadar  prob¬ 
lems:  subsurface  structural  and  material  inhomogenei¬ 
ties  (of  different  nature)  identification,  different 
composition  of  the  studied  objects,  especially  struc¬ 
ture  and  texture  of  investigated  materials  (porosity, 
layering). 


Fig.  1.  (1)  -  georadar  signal,  (2)  -  transformed 
signal.  Investigated  structure  is  single  layer 
with  £  =  3  and  height  1  cm. 


Fig.  2.  (1)  -  georadar  signal,  (2)  -  transformed 
signal.  Investigated  structure  is  single  layer 
with  s  =  3  and  height  8  cm. 

In  addition,  the  proposed  pulse  signals  treatment 
algorithm  can  further  be  the  basis  for  constructing  of 
more  complicated  methods  of  determining  the  com¬ 
plex  physical  and  geometrical  characteristics  of  indus¬ 
trial  structures  and  natural  objects. 
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Abstract 

The  problem  of  selection  of  convenient  model  of  wideband  frequency  response  of 
open  resonance  stmctures  was  examined.  Importance  of  influence  of  the  quasi¬ 
resonance  effects  on  formation  of  resonance  curve  is  demonstrated.  For  quasi¬ 
resonance  accounting  the  square  root  singularity  was  used. 

Keywords:  Pole  model,  quasi-resonance,  open  resonance  stmcture. 


1.  Introduction 

The  complex  resonance  frequencies  in  wideband  fre¬ 
quency  response  of  a  scatterer  are  important  elements 
in  target  classification  and  identification.  In  the  singu¬ 
larity  expansion  method  [1]  the  response  of  reflection 
from  metal  objects  is  determined  by  a  set  of  poles 
which  are  typical  for  these  objects.  But  domination  of 
these  poles  becomes  apparent  only  in  late-time  part  of 
the  response.  Early-time  component  is  determined  by 
the  shape  of  exciting  pulse  and  low-Q  interaction  of 
reflections  from  target  scattering  centers  [2].  Usually 
in  such  models  the  effects  forming  non-pole  singulari¬ 
ties  of  the  frequency  response  are  left  out  of  account. 
Consideration  of  such  effects  is  of  interest  and  for 
simplicity  they  were  examined  on  example  of  open 
resonance  structures  of  the  simple  shape. 

The  frequency  response  of  the  resonance  structure 
is  defined  by  resonance  behavior  of  complex  ampli¬ 
tudes  of  eigenmodes  in  decomposition  of  field  [3]. 
Therefore  traditionally  for  representation  of  the  fre¬ 
quency  response  of  the  open  resonance  structures  the 
sum  of  pole  functions  is  used.  But  under  the  analyses 
in  wide  frequency  band  such  model  can  give  the  sig¬ 
nificant  deviation  from  the  frequency  response  of  the 
real  structure  under  test.  This  deviation  will  be  largest 
on  the  periphery  of  the  resonance  peaks  for  the  fre¬ 
quency  intervals  remote  from  resonance  frequencies. 

The  quasi-resonances  of  radiated  and  leaky  waves 
which  are  manifested  at  prolonged  transient  process  of 
transformation  of  exciting  field  in  the  resonator  ei¬ 
genmode  can  be  the  reason  for  such  deviations.  Under 
certain  relations  between  resonator  Q  factor  and  pa¬ 
rameters  of  exciting  field  the  small  number  of  large 
initial  rereflections  of  unformed  field  can  become 
apparent  on  background  of  large  number  of  small  re¬ 


reflections  of  the  shaped  field.  Their  total  contribution 
forms  the  singularity  of  the  frequency  response  with 
shape  which  strongly  is  differed  from  shape  of  the 
pole  singularity. 

In  [4]  these  effects  were  considered  on  an  example 
of  three-dimensional  open  resonance  structure  formed 
by  two  spherical  mirrors.  Here  they  have  been  consi¬ 
dered  for  two-dimensional  open  resonance  structures. 

2.  Basic  Concept 

The  two-dimensional  open  resonance  structures 
formed  by  two  mirrors  placed  in  parallel  along  the  x 
and  on  distance  /  along  z  (fig.  1)  were  considered.  It 
was  supposed  that  along  y  the  structure  was  homoge¬ 
neous  and  had  infinite  length. 

If  the  structure  is  unlimited  and  homogeneous 
along  the  x,  then  under  excitation  by  point  source 
(endless  current  filament  along  the  y)  the  field  will  be 
determined  by  expression  [5]: 

u,(,,z)U f  Mr, z)Mr, >(1) 
l  »= 1  X„ 

where  %n  =  yjk2  —  yl  and  yn=n p 7  are  longitudin- 

al  and  transverse  components  of  wave  number  k , 
is  location  of  the  source.  Accordingly,  the  fre- 
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Fig.  1.  The  geometry  of  the  resonance  structure. 
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quency  response  in  the  observation  point  for  the  case 
x  =  £  =  0  will  be  determined  by  function 


«o  (/) 


7/0  V^sinF^)sin(rX) 

p  -  V/2-b/o)2 


(2) 


where  /0  =  c/2/  is  beat  frequency  along  z,  c  is  light 
speed.  This  function  will  have  square  root  singularity 
(quasi-resonance)  on  frequencies  which  are  multiple 
of  /o.  On  the  other  hand  at  excitation  of  such  structure 
by  the  eigenmode  (plane  wave  which  is  unlimited 
along  x  and  y)  the  frequency  response  on  these  fre¬ 
quencies  will  have  pure  pole  singularity  (resonance). 
Because  of  unboundedness  of  structure  along  x  the 
transition  process  of  transformation  of  field  of  the 
point  source  into  the  eigenmode  is  unlimited  in  time. 

If  the  structure  is  bounded  along  the  x  by  the  open 
boundaries  x-±d/ 2  with  the  reflection  coefficient 
from  them  Rn,  then  the  field  of  the  point  source  in 
such  structure  can  be  represented  as  a  sum  of  the  field 
of  the  unlimited  structure  w0  (the  divergent  traveling 
wave)  and  the  resonance  part  uY  (standing  wave): 

00 

U=u0+ur  =u0+YJB„{x)Cn(z)Tn(d ),  (3) 

n= 1 


where 

Bll(x)  =  cos%n(x  +  ^)+R„e~JZ"d  cos^„(x-^),  (4) 
Cn  (z )  =  j  sin  (/„  z  )sin  (yn  £ )/  l .  (5) 

T(d)=2Rne~JX"d  /(l-R2ne-j2z"d ).  (6) 


Dielectric  layer  with  permeability  s  which  is  filling 
area  -d /2<x<d /2 ,  0  <z<l  in  hollow  parallel- 
plane  waveguide  can  be  an  example  of  such  open  re¬ 
sonance  structure.  In  this  case,  the  reflection  coeffi¬ 
cient  is  given  by 


Rn 


Xn  ~Xn 

Xn  +  Xn 


(J) 


where  Xn  =  ^ ~Xn  *s  longitudinal  wave  number 
for  the  part  of  parallel-plane  waveguide  filled  by  the 
dielectric,  xl  ~  V ^2  ~yI  is  longitudinal  wave  num¬ 
ber  for  the  unfilled  parallel-plane  waveguide. 


For  case  s—>l  the  small  number  of  high-Q  reson¬ 
ances  will  be  located  in  the  narrow  frequency  band 

fo  /  V?  <  /  <  /o  •  Only  one  resonance  will  be  in  this 

band  if  s  <  1  +  (ll/d  )2 .  In  this  case  for  very  large  d 
this  resonance  peak  will  be  so  close  to  quasi¬ 
resonance  peak  that  they  will  merge  in  one  peak. 

Fig.  2  demonstrates  the  variation  of  form  of  fre¬ 
quency  response  under  the  increase  of  d  for  the  layer 
with  ^  =  1.002+0.001/,  l/k  =  0.5  (x  =  f  =  0).  For  the 
examined  example  fig.  3  demonstrates  the  increase  of 
relative  contribution  of  quasi-resonance  part 

| u0  | 2  /\\u\\2  and  reduction  of  the  contribution  of  re¬ 
sonance  part  | ur  ||2  /\\u\\2  under  the  increase  of  d.  In 

fig.  4  for  value  dlk  =  4  the  view  of  the  frequency  re¬ 
sponse  of  components  of  model  (3)  is  presented.  Fig. 
4  demonstrates  that  the  periphery  of  the  frequency 
response  is  completely  determined  by  quasi-resonance 
term  w0-  In  fig.  5  the  view  of  time-domain  response 
for  the  value  dlk  =  4  is  presented.  It  demonstrates  that 
the  start  segment  of  this  response  entirely  is  deter¬ 
mined  by  quasi-resonance  term  u0,  and  only  after  its 
decrease  the  resonance  term  uY  begins  to  determine  the 
form  of  the  time-domain  response. 

The  square  root  singularity  of  frequency  response 
occurs  also  on  frequency  fo  under  fulfillment  of  condi¬ 
tion  d  -  2ml/ yj £- 1  for  m  =  0,1, _ At  /  — »  /0  the 

approximation  R(f  )&l-2c R  ^ f 2  - /02  is  valid, 
where  cR  is  the  coefficient  weakly  dependent  on  fre¬ 
quency.  Hence  it  follows  that  in  neighborhood  of  f0  it 
is  possible  to  use  the  approximation 

u(fhCu/XTX,  where  Cu  is  the  coefficient 

weakly  dependent  on  frequency.  Therefore  when  the 
resonance  peak  is  located  on  cutoff  frequency  of  hol¬ 
low  waveguide  its  form  will  not  be  determined  by 
pole,  but  square  root  singularity.  If  such  peak  will  be 
approximated  by  the  pole  function,  the  approximation 
quality  will  be  low. 

For  approximation  of  the  frequency  response  of 
such  and  more  complicated  open  resonance  structures 
taking  into  account  resonance  and  quasi-resonance 
components  the  model  has  been  taken  in  next  form 


Fig.  2.  The  frequency  response  for  different  d.  Fig.  3.  Contribution  of  components  of  model  (3). 
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1V1 

■(/.»)=£ 


qn 


■,  (8) 


where  p  =  is  vector  of  frequency 

parameters  of  the  model.  The  algorithm  of  determina¬ 
tion  of  model  parameters  on  the  basis  of  the  concept 
of  quasisolution  searching  has  been  developed. 


has  allowed  to  reduce  the  approximation  error  to  0.1% 
(for  both  bands),  that  corresponds  to  the  approxima¬ 
tion  with  graphical  accuracy  (therefore  there  is  no 
point  in  demonstrating  the  curves).  The  estimation  of 
the  quality  factor  has  been  increased  to  3. 8 TO3. 

This  research  has  shown  inadequacy  of  pure  pole 
model  for  representation  of  open  resonator  frequency 
response  and  necessity  of  quasi-resonance  accounting. 


3.  Experimental  Results 

An  efficiency  of  the  considered  model  was  analyzed 
on  the  example  of  approximation  of  frequency  res¬ 
ponses  of  resonance  structures  in  the  form  of  the  di¬ 
electric  layer  in  parallel-plane  waveguide. 

The  result  of  approximation  by  pure  pole  for  layer 
with  d/k  =  4  is  demonstrated  in  fig.  6.  The  error  of 

approximation  £  =  ||i/-wm||2/||i/||2  for  frequency 
band  Af  / /0  =  0.2  was  20  %  and  for  frequency  band 
Af  /  f0  =  1  was  32  %  that  corroborates  an  inefficien¬ 
cy  of  rational  model,  especially  for  approximation  of 
the  wideband  response.  The  inadequacy  of  such  mod¬ 
el  demonstrates  the  representation  of  these  curves  in 
the  time  domain  (fig.  7):  the  decay  rate  of  early-time 
components  because  of  the  influence  of  quasi¬ 
resonance  greater  than  the  decay  rate  of  late-time 
components  and  that  does  not  correspond  to  the  model 
of  exponential  decay.  Therefore  the  estimation  of 
quality  factor  has  the  understated  value  1.5 TO3. 

The  use  in  the  model  (8)  of  quasi-resonance  term 


Fig.  4.  The  frequency  response  for  d/X  =  4. 


Fig.  5.  The  time-domain  response  for  d!k  =  4. 
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Fig.  6.  The  result  of  approximation  by  pure  pole. 


Fig.  7.  The  time-domain  signal  of  approximation. 
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Abstract 

The  paper  considers  generalization  of  Mode  Basis  Method  for  calculation  of  pulse 
signal  propagation  in  a  circular  open  dielectric  waveguide.  The  mode  functions  are 
calculated  by  Integral  Equations  Method.  It  is  shown  that  the  circular  dielectric  wa¬ 
veguide  possesses  only  continuous  spectmm.  Then  an  integral-differential  System  of 
Evolutionary  Equations  is  obtained  that  describes  mode  amplitudes  evolution  in  time 
with  propagation.  Its  solution  by  the  method  of  moments  is  proposed.  Propagation  of 
some  pulse  signal  in  a  circular  dielectric  waveguide  is  calculated. 

Keywords:  Mode  Basis  Method,  circular  dielectric  waveguide,  Integral  Equation 

Method,  continuous  spectmm,  system  of  evolutionary  equations,  method 
of  moments. 


1.  Introduction 

A  lot  of  electromagnetic  problems  that  require  appli¬ 
cation  of  Time  Domain  (TD)  methods  have  appeared 
recently.  Among  such  is  the  problem  of  pulse  signals 
propagation  in  an  open  dielectric  waveguide.  This 
problem  emerges  in  analysis  of  ultrashort  pulse  prop¬ 
agation  in  optic  and  photonic  waveguides  (fibers), 
pulse  radiation  by  dielectric  rod  antennas. 

The  problem  will  be  treated  with  Mode  Basis  Me¬ 
thod  (MBM)  proposed  by  Prof.  Tretyakov  [1].  MBM 
is  the  method  of  incomplete  separation  of  variables  in 
Maxwell  equations  in  TD.  From  the  Maxwell  equa¬ 
tions  some  transversal  coordinate  derivative  operators 
are  derived.  These  operators  can  be  proved  to  be  self- 
adjoint  ones.  Therefore  their  eigenfunctions  constitute 
a  complete  basis  for  expansion  of  the  sought  fields. 
Thus  the  solution  in  TD  is  presented  in  the  form  of 
mode  expansion  with  coefficients  (mode  amplitudes) 
depending  on  longitudinal  coordinate  and  time.  The 
basis  is  found  from  the  boundary  eigenvalue  problem 
for  the  obtained  operators. 

There  are  implementations  of  MBM  for  field  analy¬ 
sis  in  a  closed  waveguide  with  inhomogeneous  dielec¬ 
tric  [2],  and  in  the  free  space  (mode  spectrum  being 
continuous  in  this  case)  [3].  For  a  closed  waveguide  the 
transverse  coordinate  boundary  eigenvalue  problem 
results  in  a  discrete  mode  spectrum  due  to  fmiteness  of 
the  cross-section.  In  case  of  the  free  space  the  solution 
to  the  transverse  boundary  problem  has  to  satisfy  only 
Somerfield  condition  at  infinity  [4],  hence  in  such  a 
structure  there  is  a  continuous  mode  spectrum. 

We  are  going  to  consider  a  pulse  signal  propaga¬ 
tion  in  an  open  cylindrical  waveguide  by  MBM. 
Mode  basis  construction  for  the  case  of  open  struc¬ 


tures  by  Integral  Equations  Method  was  considered  in 
[4].  In  this  paper  we  obtain  the  System  of  Evolutio¬ 
nary  Equations;  consider  its  solution  with  the  help  of 
the  Method  of  Moments  and  FDTD  technique;  and 
present  some  numerical  results. 


2.  System  of  Evolutionary  Equations 

In  order  to  obtain  the  system  of  evolutionary  equa¬ 
tions  describing  the  change  of  the  fields  during  its 
propagation  in  the  structure  the  sought  fields  can  be 
expanded  into  integrals  over  the  modes  as 

p^Hz(z,t,r)  =  f  h(z,t;p)p$h(r;p)dp, 

U  p 

y[e~aEz{z,t,r)  =  \  e(z,t,p)p$e(r,p)dp, 

fj  p 

vh(z,t;p)Eh(r-,p )-(■ 
+ve(z,t,p)Ee(r,p) 
ih(z,t,p)Hh(r,p)  + 
+i\z,t,p)H\r,p) 


Je^E(z,t,r)=f 

U  p 

yfj^H(z,t,r)  =  f 

U  p 


dp , 


dp. 


(1) 


Substituting  expansions  (1)  into  Maxwell  equations 
and  using  orthogonal  relations  for  mode  functions  [2] 
one  can  obtain  the  following  evolutionary  equations 


dTi\P)+ f  Lhh(p',p)dzvh(p')dp'  =  -JZh(p), 
f  Khh(p,p')dTih(p')dp'  +  dzvh(p)  =  -J™h(p). 
dTv\p)  +  J  Le\p,p')d/{p')dp'  =  -JeEe(p), 
f  Kee{p'  ,p)dTve{p')dp'  +  d/(p)  =  -JhIp). 


(2) 


(3) 
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(4) 


(5) 


f  (Lhe(P\ P )  dy(p') + Le\P',  p )  dy(p'))dP', 

dim  -  f  mm dp' = pe*(p)  -  dMp) . 
j(Kmpidiih{P,)+Kmp,)d2Ap,))dp'’ 
dim+ f  pnm)dp'=-jm-dMp\ 
S(LmpW{p')+L>^)dW))dp'’ 

dlv\p)-J  P,2ih{p')dP'  =  P^{p)-dzJeEh{p), 

J  ( Khh(p p)  dTv\p')  +  Keh{p',  p)  dTve(p'))dp', 

+KAp> J  P,2vh{p')dp--JAp}-drJM- 
vh{p)  =  -J  Khh(p,P  ')dA{p')dp'-jr{p), 

ve(p)  =  dzez(p)-pl(p), 

(o) 

* \p)  =  dzhz{p)-  p™{p), 

i\p)  =  -f  Kee(p\  p)  dTez(p')  dp'  -  Jem  ■ 

Here  we  use  the  following  coupling  functions 

Lhh(p,p')  =  J  z0\Eh(r,p)xHh(r,p')\d,S, 

I?{p,p')  =  f  z0pe(r,P)x^A’P'PS’ 

Lhe{P’P')  =  f  z0-\Eh{r,p)xHy,p')\dS. 

Kh\p,P')  =  f  m\Eh(r,p)xHh(r’P')\dS’ 

Kmp')  =  J  ey0\E\r,p)xH\r,p')\dS- 

Ke\p,p ■')  =  fej0  •[£*(?,  p)xil*(r,p')] dS • 

Expressions  for  these  coupling  functions  were  obtained 
in  a  closed  form.  In  the  right  hand  parts  of  equations  (2)  - 
(6)  one  can  see  source  functions,  defined  as  follows: 

jeEh{p)=  f  V/Y  j{r)-E\r’P)dS, 


jup)= jmoA)-Hmds’ 

JUp)  =  f  J{r)\H\r,p)xz0\dS, 

JM  =  J{ry[H\r,p)xzQ]ds, 

JZ{p)m  0xE\m}dS, 

JZ{p)  =  J  mA)-^xE\r,p)\dS, 
Jhh{p)  =  SmAr)A\r,P)dS, 
JhIp)= jmmAy,p)ds. 
j*{p) =pf  AH  jA)$y,p)  ds, 
jz(p)=Pr&mn?'P)ds, 


(7) 


pl(p)  =  p  J  yfyp{r)^e(?>p)ds’ 

pi(p)=p  f  pimi^’P)^’ 

Jr(p)  =  pfyl^l(rW,p)dS> 

(8) 

j?(p)=pj  jToUmh(?’P)ds’ 
pi(p)=p  f  Jyp{mh(7’P)ds’ 
pi{p)=p  f  ^[yp{mh(7’P)ds- 

In  formulae  (2)-(6),  (7)-(8)  for  brevity  sake  we  omit 
the  time  and  longitudinal  coordinate  dependences 
(z,  t)  for  mode  amplitudes  and  source  functions. 

3.  Pulse  Propagation  in  Dielectric 
Waveguide 

In  order  to  verify  the  proposed  approach  we  are  going 
to  consider  pulse  propagation  in  a  circular  dielectric 
waveguide  and  compare  the  obtained  results  with 
those  of  FDTD  modeling.  The  fiber  is  excited  by  a 
ring  of  azimuthal  magnetic  currents  [5].  In  order  to 
obtain  the  excitation  function  with  limited  mode  and 
frequency  spectrum  we  use  the  ring  of  0O  -magnetic 
currents  with  gaussian  waveform  and  radial  shape 
J  (f ,  z,  t)  =  cos((/?)  6(z  —  z0 )  exp (—((r  —  r0 )  /  0. 12a)2 )  x 

xexp  (—((t  —  t0)/T)2)  where  a  =  l.l,r0  =  0.5a, 
T  =  a/  (5c),  tQ  =  5  T  .  The  system  of  evolutionary 
equations  with  such  source  can  be  reduced  to  a  pair  of 
second  order  equations 

f  (Khh{p',p)d2T -Lhh(yp)d2z)vh{p')dp'  + 

J {p'2vh(p')+Keh{p'’P)drv,  ( p'))dp '  =dzJm(p)'> 

Ke\p\p)  dl  -  F{p',p)  d] ) Ve(p')  dp'  + 

p'\{p'yLm,p)d>h  (■ P'))dP '  =dMp)- 


(9) 


/( 

/( 

Using  Finite  Element  Method  [6]  we  express  the 
mode  amplitude  in  the  form  of  expansion  over  some 
orthogonal  functions  ve,h  (p)  =  ^  1 fe’^.  (p) 

/  '^Ap)^i(p)dp  =  8i  . .  So  system  of  integro- 

differential  equations  (9)  reduces  to  the  system  of 
matrix  differential  equations 

[Khh-  d2 Vh-  Lhh-  d2Vh+  P2  Vh+  Keh  d2 Ve= 


-/)  Tm  • 

—  U z*3  Hh’ 

Kee.  dl Ve-  Lee-  d2z Ve+  P2  Ve—  Lhe-  d2z Vh= 

—  f)  Tm 

—  °z*3  He* 

Where  we  introduced  the  following  matrices 


(10) 
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K  ,  ..= 


j=f  f  Khh{p',p)'4’j(p')i’i(p)dp'dp, 


Thh  _ 


K  ,  ,= 


f  f  Lhh{p',p)'4’j(p')ff’i(p)dp'dp, 

0  p  f 

1  0,6-  t  i 

m  f  \ 

E  component  at  distance  0.021  from  source 
at  time  instant  T  =  4.5/c0 

f  f  Keh(p',p)ipj(p')'ipi(p)dp'dp, 

- mmtd 

p\j=f  f 

K  eV=/  f  K^p'^ip'WteWdp, 

Leeu=f  f  Lee(p',p)i/’J(p')i/’i(p)dp'dp, 

Lh\}=f  f  Lhe(p',p)^(p%(p)dp'dp, 

(J  £,)=/  JZ(p^(p)dp,(Jne)=f  JmMt(p)dp- 

The  obtained  matrix  system  of  differential  equa¬ 
tions  can  be  solved  numerically  by  FDTD-like  me¬ 
thod  [7].  Introducing  the  following  matrices 
Abb=2I  -  2s2Lbb{Lbb)T  -  dt2Lhh-  P2 ,  Bbb=52Lbb-  (Lbbf  , 
and  Che^>2Lee{Lhef ,  Ceh=Lhh-  (Keh)r .  Where 
b=eji ,  I  is  identity  matrix,  dt  is  the  time  step, 
s  =  c0dt/  dz  is  the  Courant  number  ( c0  is  the  speed 
of  light).  Then  FDTD  solution  to  (10)  can  be  written 
as  an  explicit  march-in-time  formulae 

Vr=A-vf+lWvf  +Vef  ) 


+Che-  V 


l-B  •  V 


-C  •  Ve 


Comparison  of  the  radial  field  distributions 
obtained  by  different  methods. 


t=1.2/c0 
t=2.4/c0  ^ 

=«  X 


\k  \k—l 

-2  Ve  +Ve 


Ve  and  Vh  mode  amplitudes  are  calculated  in  collo¬ 
cated  time  and  space  points.  The  superscript  (sub¬ 
script)  in  (11)  designates  the  time  (space)  index.  The 
excitation  cross-section  2  =  z0  is  placed  at  midway 
between  space  points  n0  and  n0  - hi.  In  order  to  ex¬ 
cite  the  structure  by  magnetic  current  (11)  after  each 
time  step  we  add  the  source  function  as  follows: 

Ve  I*  +=  1  dz  J U(kdt),  Vh  f  +=  \  dz  JZKkdt), 

lra+1  v  ln+1  V 

(12) 

Vel~=-dzJ™J(kdt),  Vh[-=  -dzJZKkdt). 

The  results  of  such  modeling  were  compared  with 
those  of  direct  BOR  FDTD  [7]. 

In  Fig.  1  one  can  see  radial  distribution  of  Ee  com¬ 
ponent  in  some  cross-section  (the  shaded  area  shows  the 
dielectric  core  with  e  =  12)  calculated  by  both  methods. 
A  good  agreement  between  the  curves  confirms  validity 
of  the  proposed  approach.  In  Fig.  2  the  radial  distribution 
of  Ez  component  is  presented  in  the  same  cross-section 

as  in  Fig.  1  at  different  time  instants.  One  can  see  how 
the  wave  leaks  from  the  waveguide. 

Conclusions 

Generalization  of  Mode  Basis  Method  for  an  open 
dielectric  waveguide  is  considered.  The  mode  basis 
for  the  structure  is  constructed  based  on  integral  equa¬ 


ls  y 

irAf 


Fig.  2.  Radial  field  distributions  at  different  time  in¬ 
stants. 

tions  formulation.  It  is  shown  that  circular  dielectric 
waveguide  possesses  only  continuous  spectrum.  The 
integro-differential  System  of  Evolutionary  Equations 
is  obtained.  This  system  is  reduced  to  the  system  of 
matrix  differential  equations  by  method  of  moments. 
The  solution  of  the  obtained  system  by  FDTD  method 
is  proposed.  The  propagation  of  pulse  signal  in  circu¬ 
lar  dielectric  waveguide  is  calculated.  The  results  of 
the  calculation  by  the  proposed  method  match  well 
with  the  results  of  BOR  FDTD  modeling  that  con¬ 
firms  validity  of  the  approach. 
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Abstract 

The  efficiency  of  different  ways  for  simulating  the  controlled  changes  of  spectral 
characteristics  of  open  electrodynamic  resonant  structures  are  studied  and  evaluated 
in  the  paper. 

Keywords:  Open  resonator,  free  oscillations,  eigenfrequency,  spectmm  sparseness. 


1.  Introduction 

The  need  to  change  spectra  of  open  resonators  and  to 
construct  the  resonators  that  are  capable  to  sustain 
oscillations  with  a  given  field  pattern  and  given  Q- 
factor  arise  when  solving  many  applied  radiophysical 
problems.  They  are  generally  connected  with  the  de¬ 
sign  of  various  devices  such  as  solid-state  generators, 
resonant  antennas,  power  compressors,  or  radiators  of 
short  high-power  radio  pulses. 

There  exist  many  ways  to  attain  a  spectrum 
sparseness  in  resonators  with  simple  dielectric  or 
metal  mirrors.  For  example,  a  low-sized  scattering 
object  can  be  placed  in  the  antinode  of  some  high-Q 
oscillation,  and  it  will  destroy  this  oscillation.  The 
corresponding  complex  eigenfrequency  vanishes 
from  the  spectrum.  By  changing  mirror’s  curvature, 
one  can  control  a  degree  of  beams  defocusing,  and 
hence,  the  Q-factor  of  the  corresponding  oscillations. 
A  similar  result  can  be  obtained  by  varying  the  mir¬ 
ror  transmission  or  reflectivity.  Through  rotating  the 
mirrors  or  replacing  the  flat  mirrors  by  the  mirrors  of 
curved  or  broken  shape,  one  can  break  the  beam  tra¬ 
jectory  and  force  the  beam  to  leave  the  resonator, 
thus  changing  its  spectrum. 

High-Q  free  oscillations  decay  very  slowly;  there¬ 
fore  to  obtain  reliable  results  in  time-domain  simula¬ 
tion  of  the  processes  of  this  kind,  we  should  use  those 
methods  whose  computational  error  is  not  high  both 
for  small  and  for  large  values  of  time.  Rigorous  time- 
domain  approaches  based  on  the  standard  finite- 
difference  algorithms  with  the  original  exact  absorb¬ 
ing  conditions  on  the  virtual  boundaries  truncating  the 
domain  of  computation  [1]  meet  this  requirement.  The 
technique  of  this  kind  allows  one  to  obtain  reliable 
results  when  investigating  long-duration  transient 
processes. 


2.  Analysis  and  Spectrum  Sparseness 
of  the  Resonators  of  Classical 
Configuration 

In  Fig.  1,  one  of  the  geometries,  which  have  been 
computed,  is  shown.  This  is  2-D  resonator  with  the 
mirrors  whose  specific  conductivity  was  chosen  to  be 
the  conductivity  of  copper.  The  structure  is  excited 
from  a  feeding  waveguide.  The  area  of  computation  is 
bounded  by  the  dashed  lines  (the  artificial  boundary 
L  ).  An  additional  artificial  boundary  Lx  is  placed  in 

the  cross  section  of  the  feeding  waveguide;  the  boun¬ 
dary  condition  posed  on  this  boundary  simulates  the 
excitation  of  the  structure  by  an  eigen  wave  of  a  semi- 
infinite  waveguide  [1].  The  resonator  is  excited  by  a 

pulsed  HQ1  -wave  with  the  time  dependence 


Fig.  1.  A  confocal  resonator  with  a  waveguide  in¬ 
put  (it!  =  9.0,  6  =  4.0,  a  =  0.56, 

d  =  1.2).  The  point  g  =  |5.7,0.o}  is  lo¬ 
cated  at  the  center  of  the  resonator. 
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^  w = 

cos  \k  (t  —  25)1  sin  f  Ak  (t  —  25)1 
=  - - ^x(ioo-t),  (1) 

k  =  8.0,  Ak  =  1.2 

The  SI  system  of  units  is  used.  The  variable  t  is  the  prod¬ 
uct  of  the  real  time  by  the  velocity  of  light  in  free  space. 

The  resonator  response  on  this  excitation  is  pre¬ 
sented  in  Fig.  2. 

The  next  step  is  to  excite  the  resonator  by  a  quasi- 
monochromatic  ff01-wave 

F2{t)  =  P(t)cos[k(t-0.5)\, 

P(t):  0.1-5-75-80 

( P [t^j  :  tx  —  t2  —  t3  —  tA  is  a  trapeziform  envelope 
being  equal  to  zero  for  t<t1,  t>ti  and  to  unity  for 
t2  <  t  <  t3 ),  whose  central  frequency  k  =  K 

( j  =  1, 2, . . . ,  6  )  coincides  with  the  resonant  frequen¬ 
cies  determined  previously  (see  Fig.  2).  The  results 
for  k  =  K  «  7.4  are  shown  in  Fig.  3. 

We  next  replaced  the  right-hand  mirror  with  a  met¬ 
al  plane  reflector 

x[y-(R/2  +  d)\x[(R/2  +  d)  +  0.2-y]x[b-  |  z  |] 

located  in  the  symmetry  plane  of  the  resonator.  The 
resonant  frequencies  of  the  modified  resonator  are 
little  different  from  those  for  the  original  resonator. 
The  main  distinction  is  that  the  oscillations,  whose 
antinodes  fell  previously  on  the  symmetry  plane,  dis¬ 
appear  from  the  spectrum.  The  spectrum  crowding  is 
not  observed  any  more  in  the  neighborhood  of  the 
eigen  frequencies.  All  oscillation  modes  sustained  by 
this  resonator  are  clearly  defined  when  exciting  the 
resonator  by  quasi-monochromatic  signals  with  the 
corresponding  central  frequencies. 


%{k) 


Fig.  2.  Excitation  of  the  resonator  by  the  pulsed  H  - 

wave  (1).  Relative  fraction  of  energy  reflect¬ 
ed  back  into  the  input  waveguide;  the  reso¬ 
nant  frequencies  are:  K{  «  7.05 , 

K2n7A,  K3^  7.74,  A4«8. 09, 

if  «  8.43 ,  and  K  «  8.78  . 

5  7  6 


K{&k) 


<  =  1153.48  1=1153.66 

Fig.  3.  The  resonator’s  response  on  the  quasi- 
monochromatic  HQ1  -wave  (2)  with  the  cen¬ 
tral  frequency  k  =  7.4 .  Spectral  amplitudes 
of  the  Ex  -component  at  the  point  g  =  g  \ 

spatial  distribution  of  Ex^g,t)j  at 
t  =  1153.48  and  t  =  1153.66  . 


Wn(k) 


Fig.  4.  The  response  of  the  modified  resonator 
(bx  =  1.24,  (3  =  16)  on  the  pulsed  HQ1- 

wave  (1)  and  spatial  distribution  of  Ex 
at  t  =  32  . 

The  spectrum  can  be  rarified  significantly  with  abrupt 
decrease  of  Q-factors  of  the  H0  n  3  -oscillations  through 

modification  of  resonator’s  geometry  as  it  shown  in 
Fig.  4,b:  the  right-hand  plane  mirror  is  replaced  by  the 
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Wn(k) 


Fig.  5.  A  reduction  in  number  of  free  oscillations  in 
the  resonator  modified  by  placing  a  thin 
metal  band  inside.  The  response  of  the  mod¬ 
ified  resonator  on  the  pulsed  H  -wave  (2). 

piecewise-plane  reflector  whose  central  section  is  de¬ 
termined  by  the  field  spot  dimensions  for  HQnl- 

oscillations.  The  Q-factor  of  the  Hn  0  -oscillations, 

which  are  nominally  present  in  the  spectrum  of  the 
modified  resonator,  are  governed  by  the  angle  [3  . 

A  drastic  spectrum  sparseness  in  the  modified  reso¬ 
nator  (Fig.  5)  is  accomplished  by  the  use  of  a  thin  (the 
thickness  is  h  =  0.04 )  metal  band  being  placed  along 
the  line  of  antinodes  of  the  HQ 12  x  -oscillations.  It  does 

not  distort  the  HQ 12 1  -oscillations  and,  at  the  same  time, 

breaks  down  the  HQ1Q1-  and  HQU1  -oscillations  (pure 

spectrum  sparseness).  The  band  width  (2 b2  =  0.28 )  is 

much  less  than  the  field  spot  size  of  the  longitudinal 
oscillations.  Because  of  this,  the  band  can  not  act  as  a 
mirror  reducing  resonator’s  volume  and  giving  rise  to 
oscillations  with  fewer  field  variations. 

Similar  results  have  been  obtained  for  semi¬ 
transparent  mirrors  as  right-hand  reflectors,  namely,  a 
dielectric  mirror  with  the  permittivity  e  =  40  and  a 


grating  mirror.  The  resonators  of  this  kind  are  interest¬ 
ing  as  resonant  antennas  radiating  through  these  semi¬ 
transparent  mirrors  and  as  the  accumulators  of  energy 
in  power  compressors,  from  which  the  energy  is  ra¬ 
diated  when  the  mirror  becomes  transparent.  The  im¬ 
aginary  parts  of  the  complex  eigenfrequencies  k 
corresponding  to  the  isolated  oscillations  are  eva¬ 
luated  from  a  behavior  of  the  freely  oscillating  (once 
the  sources  are  switched  off)  field 

U[g^  =  U^rj  «  A  exp  Im  k  j  cos  (r  Re  k  +  f?), 

W/ 

T  =  t  —  tA  >0 

generated  by  the  quasi-monochromatic  HQ1  -wave  (2) 

with  the  central  frequency  k  =  Re  k  [2,3].  The  observa¬ 
tion  point  g  in  (3)  is  located,  as  a  mle,  close  to  an  oscilla¬ 
tion  antinode,  while  the  minimal  signal  duration  is  dictated 
by  the  following  requirement:  within  a  frequency  band 

occupied  by  the  signal  (2),  there  must  be  no  values  Re  km 
associated  with  other  high-Q  free  oscillations. 
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Abstract 

The  veracity  of  numerical  FDTD  simulation  depends  on  a  large  extent  on  correct 
realization  of  the  EM  field  source  in  the  computation  scheme.  A  survey  of  physical 
correspondence,  simplicity  of  realization  and  convergence  for  several  basic  types  of 
sources,  being  widespread  in  literature  on  FDTD  simulation,  is  presented  in  the  work. 

Keywords:  FDTD,  source,  simulation. 


1.  Introduction 

The  finite-difference  time-domain  method  [1]  is  one  of 
the  most  popular  methods  of  computational  electrody¬ 
namics  problems  solution.  Because  of  its  universality 
and  simplicity  of  realization  this  method  is  widely  used 
quite  beyond  problems  of  nonstationary  electrodynam¬ 
ics,  covering  lately  many  more  problems,  including  those 
ones  been  previously  solved  in  traditional  style  by  quite 
different  methods,  for  example,  integral  methods  or  fre¬ 
quency-domain  methods  (as  a  rule,  the  time-domain 
solution  is  intermediate  here  and  then  it  acts  as  a  source 
of  frequency-dependent  characteristics). 

The  original  classical  Yee  algorithm  presents  a 
central-difference  approximation  of  rotor  Maxwell 
equations  [2].  The  distinction  of  this  scheme  is  ar¬ 
rangement  of  electric  and  magnetic  field  components 
that  is  defined  by  the  so-called  Yee  cell  (Fig.  1). 


Fig.  1.  The  Yee  arrangement  algorithm  for  field 
components  a)  in  space,  b)  in  time. 


The  finite-difference  analog  of  Maxwell  equations 
derived  as  a  result  of  changes  and  transformations  is 
an  explicit  scheme,  based  on  6  expressions  for  field 
component  calculation.  The  common  view  of  them 
can  be  represented  by  the  following  compact  form: 


uw  =w 

%  *1 

-w 


|«>  =  C(r)W'J-''-+C,(r)(^ 


0 

+1/2' 


(1) 


These  are  update  equations.  Here  W  -  is  one  of  the 
calculated  field  components, 


W  =  {E\H)<r+W  =  {H  |  E) 


{\,i2,i3}  =  =  ({ x,y,z }  \  {y,x,z}  \  {z,x,y}) 


upper  indexes  after  vertical  bar  represent  the  time 
shift  (in  discretization  steps),  inferior  indexes 
represent  the  same  in  space;  C  are  coefficients  which 
depend  on  the  discretization  grid  size  A  and  material 
properties  in  the  calculation  point  r. 

The  scheme  (1)  approximates  the  initial  problem 
with  the  second  order  of  accuracy.  The  algorithm  sta¬ 
bility  is  defined  by  the  Courant  condition  (2): 


At  <\c 


1  1  1 

Ax2  Ay 2  Az2 


(2) 


where  c  is  the  speed  of  light  in  the  material  being 
modeled. 

The  first  problem  which  an  investigator  is  con¬ 
fronted  by  while  solving  any  problem  by  the  finite- 
difference  time-domain  method  is  a  problem  of  cor¬ 
rect  mathematical  formulation  of  the  EM  wave 
source,  its  correct  introduction  into  the  scheme,  as 
well  the  exact  correspondence  between  the  physical 
source  and  its  numerical  analog. 

An  incident  plane  wave  is  historically  one  of  the 
first  sources,  the  correct  and  compact  realizations  of 
which  were  studied  in  early  works  on  FDTD  simula¬ 
tion.  However,  despite  the  enormous  number  of 
works,  devoted  to  this  research  area,  there  are  some 
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Fig.  2.  Pointwise  sources. 

difficulties  of  its  realization  by  now  (for  example, 
correct  description  of  the  oblique  incidence  case)  [3]. 

The  emergency  of  pointwise  sources  consideration 
has  occurred  rather  lately  in  connection  with  a  great 
increase  of  works,  devoted  to  the  analysis  of  the  near¬ 
field  of  sources,  the  mathematical  approximation  of 
which  can  be  a  current  filament  (a  pointwise  source  in 
two-dimensional  space)  or  a  point  dipole  (a  point 
source  in  three-dimensional  space).  Difficulties  and 
peculiarities  related  to  realization  of  the  last  type  of 
sources  are  considered  in  the  work. 

There  are  two  basic  approaches  to  the  EM  wave 
source  introduction  into  a  computational  scheme.  These 
are  introduction  of  so-called  external  sources  and  inter¬ 
nal  sources  (Fig.  2).  The  external  source  is  a  source,  the 
field  of  which  is  precomputed  analytically  or  by  some 
numerical  methods,  and  introduced  into  a  scheme  often 
by  the  total-field/scattered- field  formulation  or  by  a 
scattered- field  approach  [1].  It  is  used  more  particularly 
for  analyzing  stationery  processes.  The  merit  of  this 
method  is  the  controlled  accuracy  of  the  introduced 
external  field.  The  essential  shortcoming  of  this  ap¬ 
proach  is  an  increase  in  storage  capacity  being  neces¬ 
sary  for  data  storage  (especially  in  case  of  a  scattered- 
field  approach).  Moreover  for  number  of  tasks  such  a 
field  introduction  is  improbable  at  all.  Therefore  inves¬ 
tigators  and  computer  engineers  widely  use  the  second 
(internal)  method  of  source  introduction,  where  a 
source  is  embedded  into  a  computational  scheme.  The 
advantage  of  the  internal  source  is  its  compactness.  It 
means  that  minimum  grid  points  but  not  the  whole 
computational  domain  are  used  to  describe  the  source 
field.  Thus,  for  example,  a  plane  wave  field  can  be  set 
by  defining  of  one  of  the  field  components  on  plane,  a 
cylindrical  wave  field  -  by  defining  field  on  straight 
line;  spherical  wave  field  can  be  set  by  defining  field 
component  values  at  only  one  point. 

Our  further  investigation  is  devoted  to  the  analysis 
of  the  pointwise  internal  sources. 

2.  Sources 

The  description  of  an  extraneous  force  action  with 
EM  field  excitation  is  often  consists  in  changing  of 
the  constitutive  equation.  One  of  the  formalizations  is 
following: 


j"  =  aw(W  +  W  ),  f  =aw W  + jw 

«J  V  source '  7  °  °  s 


(3) 


Thus,  the  EM  field  excitation  can  be  described  by  two 
ways:  by  the  extraneous  currents  ]w  or  the  extra- 

J  J  u source 

neous  fields  W 

source 


2. 1 .  Current  Sources 

2.1.1.  Induced  current  source. 

It’s  easy  to  introduce  extraneous  currents  into  the 
scheme  (1)  [1,4]: 

W  |+1/2  =  Uw  +C  (r)jw  1°  (4) 

Since  as  a  rule  the  FDTD  grid  cell  size  is  smaller 
than  1/10  of  the  radiated  wavelength  A ,  such  a  source 
acts  physically  as  a  dipole  antenna,  co-directed  with 
/ 1 ,  and  with  a  size  equaling  to  the  cell  size  A.  To  cal¬ 
culate  the  field  of  the  ideal  infinitesimal  dipole  source 
it  is  necessary  only  to  add  the  coefficient  1/A  before 
the  second  addend  in  the  equation  (4). 

Such  a  method  of  source  introduction  differs  by  its 
simplicity  of  realization  and  high  accuracy  at  fulfill¬ 
ment  of  the  conditions  1)  of  stability  (2); 
2)  A  /  A  >  20  [1];  3)  the  spectrum  of  signal  describ¬ 
ing  the  current  time  variation  doesn’t  have  a  constant 
component. 

The  importance  of  the  third  condition  is  described 
below. 

The  EM  field  source,  introduced  into  the  scheme 
by  means  of  extraneous  currents  (4),  formally 
represents  conduction  currents,  which  exist  only  in  a 
lossy  medium.  Nevertheless,  such  a  source  introduc¬ 
tion  is  widespread  even  in  cases,  when  the  source  is 
located  in  free  space. 

Any  extraneous  currents,  introduced  into  the  Max¬ 
well  equation,  should  accumulate  an  appropriate 
charge  according  to  the  continuity  equation  [5].  In 
case,  when  a  source  is  in  a  lossy  medium,  this  charge 
exists  during  only  a  limited  amount  of  time  (relaxa¬ 
tion  time),  and  then  it  disappears.  In  free  space  these 
charges,  conditioned  by  the  effect  of  the  current 
source,  can  exist  infinitely  and  lead  to  an  appearance 
of  dc-component  in  the  solution. 
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All  signals,  time  integrals  of  which  have  a  nonzero 
value,  have  this  «nonphysical»  characteristic  proper. 
It  is  possible  to  avoid  this  peculiarity  by  a  few  ways: 

•  by  using  bipolar  symmetrical  signal  as  a  driving 
function; 

•  by  using  specially  fitted  «0-dc  function))  as  a  driv¬ 
ing  function  [6,7]; 

•  by  expanding  the  driving  function  into  Taylor  series. 


2.1.2.  Displacement  current  source. 

Since  it’s  impossible  to  introduce  conduction  currents 
into  free  space  correctly,  it  has  been  proposed  to  intro¬ 
duce  the  displacement  currents  as  EM  field  sources  [7]: 


f  =aw  W+j 


w 

source 


rw  W 


<9W 


dt 


(5) 


Investigations  carried  out  by  authors  of  [7]  have 
shown  that 


•  this  method  of  signal  assignment  has  considerable 
fewer  restrictions  on  the  excitation  signal  wave¬ 
form; 

•  field  wave  from  this  source  holds  the  shape  at 
propagation  in  space  (in  contrast  to  the  induced 
current  source). 

Though  the  source  introduced  by  (5)  is  described 
here  as  a  current  source,  it  is  specified  per  se  by  the 
function  describing  the  field  change.  Thus,  this  source 
can  be  added  accordingly  to  those  field  sources,  which 
are  represented  in  the  next  part  of  this  work. 


2.2.  Field  Sources 

The  pointwise  field  source  is  usually  realized  in  the 
FDTD  grid  as  a  hard  source  or  a  soft  source.  The  ad¬ 
vantage  of  the  hard  source  is  simplicity  of  its  descrip¬ 
tion  because  it  consists  only  in  setting  a  field 
component  in  one  node  of  the  FDTD  grid  [1]: 

W  (t)  =  f(t) .  (6) 

The  field  radiated  by  the  hard  source  physically  cor¬ 
responds  to  the  field  radiated  by  the  voltage  source  [8]. 

This  source  type  has  one  peculiarity,  which  can  be 
considered  both  like  its  merit  and  its  shortcoming,  de¬ 
pending  on  the  aim  of  simulation.  It  has  the  reflection 
power  effect.  As  a  rule,  source  point  has  the  same  ma¬ 
terial  characteristics  as  adjacent  points  in  the  grid,  and 
that’s  why  it  should  not  dissipate  the  energy.  This  pre¬ 
vents  notable  with  investigation  of  stationary  processes. 

In  certain  literature  [9,  10]  this  problem  is  solved 
by  description  of  the  field  source  as  a  sum  of  the  driv¬ 
ing  function  (6)  and  the  value  calculated  by  one  of  the 
basic  equations  (1): 

iv  ( t )  =  Uw  +  /(/) .  (7) 

This  is  a  so-called  soft  source. 

Though  this  approach  results  in  the  source  without 
scatter  properties  (and  in  this  regard  being  transpa¬ 
rent),  its  energy  characteristics  differ  greatly  from  the 


Fig.  3.  Dependence  of  the  field  amplitude  E  on  sizes 
of  sampling  interval  (for  field  source). 

energy  of  the  hard  source.  Effect  and  realization  of 
this  source  corresponds  more  to  a  source,  specified  by 
current  sources.  And  that  is  why  exactly  the  current 
source  is  meant  sometimes  by  a  soft  source  in  FDTD 
literature  [11]. 

The  method  considered  in  the  work  [12]  describes 
the  source  which  radiates  the  same  amount  of  energy 
as  the  hard  source,  but  the  source  isn’t  a  scatterer  at 
that.  This  is  a  so-called  transparent  source.  But  reali¬ 
zation  of  such  a  source  leads  to  extra  complications  of 
the  computation  scheme. 

One  general  shortcoming  for  all  sources,  specified 
by  means  of  field  changes  and  introduced  into  a 
scheme  with  formulas  (6)-(7),  is  that  such  sources 
don’t  fulfill  one  of  basic  requirements,  established  for 
any  discretization  scheme,  -  the  convergence  of  re¬ 
ceived  solutions.  It  means  that  at  downsizing  the  grid 
the  received  solutions  will  not  tend  to  the  exact  solu¬ 
tion  (Fig.  3).  So,  the  source  which  is  presented  by 
formulas  (6)-(7)  properly  describes  time  responses  of 
the  simulated  field,  but  is  absolutely  unfit  to  analyze 
amplitude  characteristics  of  simulated  EM  processes. 
It’s  possible  to  avoid  this  unpleasant  peculiarity  if  to 
take  into  account  the  results  of  work  [11],  described 
below. 

Though  hard  and  soft  sources  greatly  differ  as  for 
energy  characteristics  as  for  physical  correspondence, 
it  has  turned  out  that  when  there  are  no  reflectors  in 
free  space,  it  is  possible  to  find  a  relation  between 
these  two  source  types.  It  was  shown  in  work  [11]  that 
the  field  radiated  by  a  hard  source  is  identical  to  the 
field  radiated  by  a  soft  source  at  condition: 


E 


o t ) 


3£„(As): 


t 

f' 


2  ./  source 
— oo 


( t)dt  . 


(8) 


3.  Conclusion.  Pros  and  Cons. 

The  review  of  point  sources  of  the  EM  field  used  at 
FDTD  simulation  has  shown  that  all  considered 
source  type  has  both  merits  and  certain  shortcomings. 

When  choosing  a  method  of  source  introduction  in¬ 
to  the  FDTD  scheme  for  numerical  simulation  veraci¬ 
ty  it  is  necessary  to  take  into  account  a  variety  of  fac¬ 
tors  (Table  1): 

•  correspondence  of  a  simulated  physical  source  to 
its  numerical  analog; 

•  presence  or  absence  of  the  source  reflection  prop¬ 
erties; 
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Table  1.  Main  features  of  sources. 


Source 

Physical  correspondence 

Reflection  property 
(y,  S/m) 

Convergence  of 
solutions 

Simplicity  of  rea¬ 
lization 

Current 

Dipole 

0 

+ 

+ 

Field 

Hard 

Voltage  source 

00 

- 

+ 

Soft 

Dipole 

0 

- 

+ 

Trans. 

Voltage  source 

0 

- 

- 

•  requirement  of  exact  time-amplitude  characteris¬ 
tics  (amplitude  +  form)  or  only  time  characteristics 
(form)  of  a  simulated  field; 

•  capability  of  simple  realization  and  estimation  of 
available  computer  resources. 

Thus,  for  example,  a  hard  source  is  well  fitted  to 
simulate  the  feed  probe  of  a  waveguide.  A  soft  source 
(or  current  source)  is  more  appropriate  to  simulate 
diffraction  problems. 

There  are  a  lot  of  cases,  when  it  is  possible  to  ig¬ 
nore  one  of  unwanted  properties: 

•  In  transient  electromagnetics  if  a  point  hard  source 
is  located  far  from  scatterers  and  the  distance  be¬ 
tween  them  is  sufficient  for  a  propagated  EM 
wave  to  be  completely  shaped,  the  source  could  be 
totally  ejected  from  schemes  together  with  its  ref¬ 
lection  characteristics. 

•  Another  way  is  to  use  the  method  of  subtraction  of 
the  function,  corresponding  to  a  signal,  received  in 
observation  point  at  absence  of  objects,  from  a 
signal  received  in  observation  point  at  diffraction 
on  the  object.  At  that  the  reflection  properties  of 
the  source  stop  to  play  any  part  on  the  stipulation 
that  the  source  is  located  at  a  distance  from  an  ob¬ 
ject  preventing  interaction  between  the  source  and 
the  object.  (This  fact  had  been  successfully  used 
by  the  authors  of  works  [13-14]  on  investigating 
the  videopulse  electromagnetic  wave  diffraction 
on  subsurface  objects). 
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Abstract 

The  problem  of  the  plane  electromagnetic  impulse  propagation  through  the  dielec¬ 
tric  layer  with  the  human  skin  parameters  is  considered  in  this  paper.  The  layer  per¬ 
mittivity  depends  upon  a  frequency  by  the  Debye  model.  The  impulse  with  a  Gauss 
temporal  form  falls  with  an  arbitrary  angle  on  the  dielectric  layer  that  lies  on  the  half- 
infinite  layer  of  a  fat  tissue.  The  temporal  forms  of  reflected  and  transmitted  impulses 
and  their  energy  characteristics  dispersion  dependence  are  investigated. 

Keywords:  Electromagnetic  impulse,  dielectric  layer,  skin  model,  dispersion, 
reflection  and  transmission  coefficients. 


1.  Introduction 

The  interest  grew  to  the  pulse  signals  lately.  It  is  con¬ 
nected  with  the  number  of  electromagnetic  pulse 
fields’  features  in  comparison  with  monochromatic 
fields.  The  stationary  fields  interaction  with  dielectric 
structures  such  as  a  flat  layered  medium,  a  sphere,  a 
cylinder  were  studied  in  the  number  of  papers  [1-3], 
more  difficult  cases  (a  multilayered  sphere,  a  multi¬ 
layered  cylinder)  are  considered  as  well  [4-5].  But  for 
pulse  fields  phenomena  appeared  are  not  studied  well. 
That’s  why  the  video  impulse  interaction  with  the 
dielectric  flat  layered  structure  that  models  a  human 
skin  taking  into  account  a  dispersion  by  the  Debye 
formula  is  considered  in  this  paper.  The  results  are 
calculated  temporal  reflected,  absorbed  and  transmit¬ 
ted  fields  characteristics;  also  parts  of  reflected  and 
transmitted  energy  are  determined. 


2.  Problem  Statement 

The  electromagnetic  impulse  with  a  flat  front 
F  (£)  falls  from  a  free  space  with  the  angle  0  on  the 
flat  layered  structure  consisted  of  the  layer  with  the 
dielectric  constants  s1 ,  that  lies  on  the  dielectric 

half- space  with  ef ,  fif  (Fig.  1). 

The  incident  pulse  temporal  form  is 

(d 

n  x  +  n  y  +  n  z 

where  £  =  — - - - - £ - t ,  AQ  -  an  amplitude, 

c 

2a  -  a  duration  at  the  level  1  /  Ve  . 


Fig.  1.  Problem  statement. 
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We  consider  as  F  (£)  electric  field  Ev  if  E- 

polarization  is  and  Hy  if  H-polarization  is.  Let  the 
plane  of  incidence  matches  with  a  plane  xOz . 
Then  n  =  sin  6  ,  n  =  0  ,  n  =  cos  6 , 


x  sin  0  +  z  cos  0 


We  distribute  the  incident  video  impulse  on  the 
first  boundary  to  the  spectrum  as  partial  plane  waves 
by  the  direct  Fourier  translation: 


F  (0=  J  F{u)e^du, 


(2) 


where 


oo 

mm  — f  FjOe 


A 


2tt 

F  (0 


V27T 


A  ^  00  U)  a 

r  e^dco 


V27T 


/■ 


,  (3) 


(4) 


We  use  Fresnel  coefficients  for  amplitudes  of  re¬ 
flected  U (a;,  0)  and  transmitted  waves  F(o;,  0)  because 
the  boundary  is  smooth  and  media  are  isotropic  [6]. 
Then  a  reflected  signal  is  described  by  the  expression: 


A  00 


2  eiui~du. 


where 


_  x  sin  6  —  z  cos  0  + 

4  =  t  3 


(5) 

(6) 


and  a  transmitted  signal: 

Am 


Ftr{Q  =  -^=  f  R{u,6)e  2  e^Mdu,  (7) 


where  W  +  ZC0B^u)  -  t . 


(8) 


A  refraction  angle  0;  is  dependent  upon  frequency 
and  determined  as: 


O^uj)  =  arcsin(^  /  ^(o;)  sin  0) . 


(9) 


We  consider  the  impulse  transmitting  through  the  di¬ 
electric  layer  as  a  sequence  of  transmitting  the  impulse 
through  two  boundaries:  air-dielectric,  dielectric-layer. 

The  permittivity  of  the  layer  is  complex  and  de¬ 
scribed  by  the  Debye  approximation,  that  is  the  most 
satisfied  for  biological  media  [7]: 


£  +- 


where  a  relaxation  time  r  = 


1  +  iuT 

en  —  e 


a  —  cr 


(10) 

(ii) 


£0  and  -  medium  permittivities  at  frequencies  on  the 
range  higher  and  lower  than  the  characteristics  frequency 
uoc ,  that  is  equal  to  the  reciprocal  time  of  relaxation  r  . 


We  consider  the  signal  transmitted  through  the  first 
boundary  as  the  incident  signal  on  the  dielectric  half¬ 
space  with  e  ,  n  . 


OO  U>V 

J  R{u,9)e~e^Hdu .  (12) 


We  use  the  Fresnel  coefficients  for  each  incident 
partial  plane  wave  in  the  Fourier-  decomposition.  In 
this  case  the  incidence  angle  on  the  second  boundary 
differs  from  the  incidence  angle  on  the  first  boundary. 
These  angles  are  connected  by  the  Snell  equation. 

Taking  into  consideration  secondary  reflections  in¬ 
to  the  layer  the  result  reflected  field  can  be  written  as 

a  oo  u2a2 

(C)  =  -£=  f  e~e^  (V(v,0)  + 

V 27T 

OO 

+E  m  o)  ■  R.  (w,  e1 )  ■  vn~2  (w,  e1 )  ■  vy1  (u,  e1  ))du, 

n= 2 

(13) 

and  the  transmitted  field 


oo 


E  R (“>> 9 )  •  Ri  (w> 9 i )  • F""1  (w-  9i )  •  y 1  (w’  e>  ^ 


3.  Results 

Let’s  consider  the  impulse  incidence  on  the  skin  layer  that 
lies  on  the  fat  tissue  as  an  example  for  the  modeling.  Val¬ 
ues^,  6  and  r  for  a  skin  are  [71:  6  =  361,67, 

0  7  oo  L  J  oo  7? 

£0  =  34, 9  ,  r  =  8, 8  •  10“12  c;  a  fat  permittivity  ef  =  5  . 

The  calculated  temporal  forms  for  reflected  and 
transmitted  pulses  for  different  incident  angles  are 
illustrated  on  the  Fig.  2  and  3. 


Fig.  2.  The  temporal  dependence  of  reflected  signals 
from  the  layer  for  different  incidence  angles. 

The  reflected  impulse  changed  its  polarity  in  compari¬ 
son  with  the  incident  signal  polarity  because  the  Fresnel 
coefficient  is  negative,  that  is  the  pulse  passes  from  a 
medium  with  a  lower  refractive  index  to  a  medium  with 
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a  higher  refractive  index.  In  this  case  reflected  from  the 
boundary  signal  experiences  changing  the  phase  on  7 r  in 
comparison  with  the  incident  signal.  The  reflected  sig¬ 
nals  forms  didn’t  change,  that  is  they  have  Gauss  forms. 
But  the  maximum  displaced  in  time,  and  the  lower  inci¬ 
dence  angle,  the  bigger  displacement.  When  the  inci¬ 
dence  angle  increases  the  reflected  signal  amplitude 
grows,  and  at  the  angles  near  the  glancing  angle  almost 
all  incident  signal  reflects  from  the  boundary. 


Fig.  3.  The  temporal  dependence  of  transmitted  signals 
for  the  layer  for  different  incidence  angles. 

The  transmitted  signal  doesn’t  change  its  polarity  and 
form  because  one  of  media  is  not  dispersive,  but  the 
transmitted  signal  maximum  decreases  very  much  when 
the  incidence  angle  increases.  The  flow  angle  approaches 
to  the  normal  angle,  because  the  dielectric  medium  has 
greater  refraction  coefficient  in  comparison  the  air. 

Let’s  see  how  the  incidence  impulse  energy  distri¬ 
butes  between  the  reflected  and  refracted  fields.  The 
dependence  of  the  reflected  and  transmitted  fields’  ener¬ 
gy  from  the  incidence  angle  is  shown  at  the  Fig.  4. 


Fig.  4.  The  reflected  and  transmitted  fields’  energy 
dependence. 

As  we  can  see  at  the  figures  the  energy  of  the  reflect¬ 
ed  field  is  about  40%  of  the  incidence  field  energy  at  the 
normal  incidence  angle.  The  greater  incidence  angle,  the 
more  energy  reflects.  The  reflected  energy  maximum  is 


at  the  limit  angle  of  total  reflection  and  at  the  angles 

6  >  arcsin  yje2  /  el  ^  70°  the  incident  field  energy 

doesn’t  transmit  into  the  layer.  The  transmitted  field 
energy  depends  upon  the  incidence  angle  inversely  and 
is  about  60  %  at  the  normal  incidence. 

4.  Conclusions 

The  program  for  the  temporal  distribution  calculation  of 
the  transmitted  and  reflected  signals  for  the  dielectric 
layer  taking  into  account  the  permittivity  dispersion  was 
created.  The  problem  was  solved  in  time  domain  for  an 
arbitrary  form  and  duration  of  the  incident  impulse  sig¬ 
nal.  It  was  calculated  that  the  reflected  signal  changes  its 
polarity  if  the  second  medium  permittivity  greater  than 
the  first  medium  permittivity.  The  transmitted  signal 
always  has  the  same  polarity  as  the  incident  signal  has. 
This  property  put  in  the  Fresnel  coefficients.  The  reflect¬ 
ed  and  transmitted  plots  confirmed  these  statements. 
The  reflected  field  energy  depends  in  direct  proportion  to 
the  incidence  angle,  for  the  transmitted  field  inverse  rela¬ 
tion  is  observed.  At  the  normal  incidence  angle  about  60 
%  of  the  incidence  energy  transmits  into  the  layer  that 
says  about  good  penetrability  of  the  impulse  signals. 
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Abstract 

In  circumstances  where  the  dispersion  of  the  permittivity  can  be  neglected,  the 
tangential  component  of  the  surface  wave  is  expressed  through  the  Laplace  function 
of  two  complex  arguments  algebraically.  This  reduces  the  computation  time  of  the 
surface  wave  at  a  given  point  to  a  few  milliseconds,  and  to  determine  the  current  in 
the  radiating  antenna,  as  well  as  the  dielectric  constant  of  the  underlying  surface,  for 
the  time  of  the  order  of  several  seconds. 

Obtain  estimates  of  the  surface  wave  field  for  the  most  typical  parameters  of  soils. 
These  calculations  can  be  used  to  select  regularizators  inverse  GPR  for  quantitative  cal¬ 
culations  of  the  parameters  of  the  soil  and  for  the  qualitative  interpretation  of  GPR  data. 

Keywords:  GPR,  data  interpretation,  GROT- 12,  underlying  surface. 


One  of  the  problems  that  arise  in  the  interpretation  of 
GPR  data  an  operational  definition  of  the  current  in 
the  antenna  and  the  dielectric  permittivity  of  the  un¬ 
derlying  surface  from  data  on  the  surface  wave.  Mea¬ 
surements  of  the  field  at  GPR  studies  are  conducted, 
usually  at  short  distances  from  the  radiating  antenna, 
which  don’t  use  of  known  representations  of  the  far 
field  [1].  In  [2]  proposed  a  mechanism  for  the  calcula¬ 
tion  of  near-field  antenna  and  obtain  expressions  for 
the  field  of  the  antenna  is  a  thin  wire  lying  in  the 
plane  at  the  interface  of  two  homogeneous  environ¬ 
ments.  The  electric  field  in  the  fault  plane  at  any  dis¬ 
tance  from  the  antenna  can  be  represented  as: 


EM  =  -L  f  eptE(p,s)dp, 
2m  Jc 

E(p,S)  =  E(J)(p,S)  +  E^(p,S), 


E1 


w 


(P)S)  =  --kj l(p,b)G(J) (p,\  s-s0  \)db, 


U ’  7TC 


(m  G'r)  -[ m  G'l)  - 

\  y,z  b)  2  \  v,z  b )  1 


- f  ™,>-so)G'(P’ls“so  I) 


dlb(p,b) 

db 


db 


(1) 


Here,  b  -  distance  along  the  contour  of  the  antenna  B, 
sQ  -  the  coordinate  of  a  point  on  the  circuit,  and  the 


indices  1,2  are  the  ends  of  the  circuit  I (p,b)-  the  cur¬ 
rent  in  the  antenna  Ib(p,b)~  the  projection  of  power 

onto  the  unit  vector  tangent  to  the  contour,  which  is 
up  to  the  mark  coincides  with  the  current  module  . 
m(s)  =  s/  s  The  function  G^J\p,s)  is  expressed 
through  the  standard  features: 

G(J\p,s)  =  >G(bJ\p,s)-G(aJ\p,s), 

^(P^  =  ^e-'^(l  +  ikabs),  ,  (2) 

s  pe 

U  =  KM  =  -*-Vea,6  (p)  = 

c  v  c 


Here,  £a  =  £a  ( p )  and  £b  =  £b  ( p )  -  above  permittivity 
( x  <  0 )  and  below  ( x  >  0 )  interface 
e_  =  (eo  —  £b)  /  2  .  The  function G\p,s)  can  be 
represented  as 


G'M=a-^A, 

os 

G(p,s)  =  G(C\p,s)  +  Wm(p,s). 


Here 


(3) 


G{C\p,s)  =  Glc\p,s)-GP(p,s), 
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7T" C  l  a  ~^a  bS 

- 1 — e  ’  , 


sps_  £a  +  £b 

w{0\p,s)  =  wbm(p,s)-w^(p,s), 

ck  £„ 


w^(p,s)  =  i- 


2  pe  £  +  £u 

WJp,8)  =  kJ%(k?~fr1e-*dl 

oo 

=  2t Tkf  k-^(kl-l2ylJa(ls)ldl, 

0 
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Wb(p,s),  (4) 


k  =  kip)  =  -i- 


£  £, 


£  ~r  £, 
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(5) 


=  -i-n(p), 
c 


k12  =  fcl2(P’0  “  ~i 


2  a,b 

C 


1/2 


J0(...)  is  Bessel  function. 

Views  similar  to  (1)  -  (4),  were  obtained  by  Som- 
merfeld  in  [3],  but  direct  calculation  of  the  improper, 
slowly  converging  integral  in  (4),  followed  by  the 
Fourier  transform  is  a  cumbersome  task  even  for  mod¬ 
em  computers.  We  set  ourselves  the  task  of  developing 
an  algorithm  for  rapid  calculation  of  the  functions  and 
the  study  of  analytic  properties  of  these  functions.  Last 
necessary  to  ensure  that  the  reverse  Laplace  transform 
of  (1)  to  find  the  contours  in  the  complex  plane  p ,  for 
which  numerical  integration  is  performed  as  quickly  as 
possible.  Inverse  Laplace  transform  representation  of 
the  field  and  the  surface  wave  as  a  function  of  time  has 
made  it  possible  to  obtain  expressions  for  the  field 
components  of  the  surface  wave  [4],  whose  calculation 
on  serial  computers  with  3  GHz  clock  speed  is  about 
0.1  ms  when  account  is  taken  of  dispersion,  and  about 
5  s  when  the  dispersion  of  the  permittivity  can  be  neg¬ 
lected.  After  calculating  the  current  direct  problem 
GPR  -  definition  of  the  field  reflected  from  the  medium 
inhomogeneities  signals  is  linear.  Some  results  of  cal¬ 
culations  of  the  surface  wave  at  different  parameters 
are  shown  in  Fig.  1.  Parameters  of  the  medium  and  the 
radiator  are  left  in  the  window  calculation  of  the  field 
surface  wave. 


Fig.  1.  A  Windows  program  for  calculating  the 
components  E  field  surface  wave  in  the 
near  field  antenna. 

The  method  of  calculation  of  the  surface  waves  is 
applicable  to  any  frequency,  any  distance  from  the 
emitter  and  the  arbitrary  form  of  dispersion  of  dielec¬ 
tric  constant.  Therefore,  it  can  be  applied  in  solving  a 
wide  range  of  issues  -  from  optics  to  electro  sounding. 
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Abstract 

Excitation  of  electromagnetic  fields  by  a  wideband  current  pulse  in  a  cavity  filled 
with  dispersive  medium  and  bounded  by  a  closed  perfectly  conducting  surface  is  stu¬ 
died.  Frequency  dependence  of  the  cavity  filling  is  described  by  combination  Lorentz 
poles  for  permittivity  and  permeability.  Some  features  of  such  electromagnetic  sys¬ 
tem  and  transient  field  evolution  are  presented. 

Keywords:  Cavity  resonator,  metamaterial,  dispersion,  double  negative  media, 
transient  excitation,  analytical  approach  in  time  domain. 


1.  Introduction 

In  recent  years  many  theoretical  and  practical  investiga¬ 
tions  is  devoted  to  modeling  and  realization  of  medium 
with  negative  refractive  index  (NRI)  and  study  properties 
of  transmitted  electromagnetic  fields  [1-4].  But  usually 
this  studying  is  realized  in  consideration  one  frequency 
or  very  short  frequency  interval  of  obtained  dependence 
of  effective  parameters  of  composite  structure  that  form 
medium  with  NRI.  There  are  double  problem  -  in  one 
side  it  is  obtained  effective  values  of  electromagnetic 
properties  of  the  structure  by  finding  characteristics  of 
transmitted  electromagnetic  field,  in  another  side  it  is 
studied  some  useful  and  interesting  effects  of  transmis¬ 
sion  electromagnetic  waves  through  such  structure,  and 
at  this  time  it  is  considered  its  properties  in  one  frequen¬ 
cy.  In  addition,  one  of  main  problems  is  practical  realiza¬ 
tion  of  three  dimension  medium  with  NRI  with  given 
properties  and  without  undesired  effects. 

This  paper  considers  properties  of  cavity  with  total¬ 
ly  dispersive  medium  and  properties  of  electromag¬ 
netic  oscillation  in  this  structure.  Author’s  purpose  is 
to  avoid  some  of  referred  imperfection  in  this  investi¬ 
gation  in  regard  to  medium  with  NRI.  Firstly,  for 
theoretical  research  of  the  problem  effective  electro¬ 
magnetic  parameters  of  the  medium  is  used,  but  their 
frequency  dependence  is  simulated  by  several  Lorentz 
poles  for  permittivity  and  permeability  in  wide  fre¬ 
quency  interval.  In  Time  Domain  (TD)  this  formula¬ 
tion  corresponds  to  the  set  of  differential  equations 
relating  polarization  and  magnetization  with  electric 

and  magnetic  field  strengths,  pe,  pm  -  poles  number. 

dttV  +  'yrdtV  +  u>l''P$.xfype(r ,t) ,  (1) 


dt2 M  +  7^  dt M  +  M  =  xPm ^  0,  t) .  (2) 

Secondly,  idea  of  isotropic  medium  with  NRI  is  based 
on  some  ideas  and  results  of  [4].  For  validity  of  this  pres¬ 
entation  of  the  medium  as  homogeneous  and  isotropic 
and  using  effective  parameters  of  medium  properties  we 
assume  that  the  particles  of  composite  structure  are  ap¬ 
preciably  smaller  than  cavity  sizes  and  used  wavelength. 

2.  Problem  Statement  and  Analytical 
Solutions 

We  consider  a  cavity  bounded  with  a  PEC  singly- 
connected  closed  surface.  Within  the  frame  of  Evolutio¬ 
nary  Approach  to  Electromagnetics  in  TD  [5-8]  the 
sought  vectors  of  electric  and  magnetic  fields  strength, 
polarization  and  magnetization  are  expanded  into  a  series 
of  cavity  modes.  By  this,  total  problem  is  separated  on 
two  individual  problems:  one  of  them  is  spatial  problem 
of  finding  cavity  modes  for  given  geometry  of  the  cavity, 
another  is  the  problem  of  finding  of  time  coefficients  of 
the  expansion  (mode  amplitudes).  The  cavity  modes  can 
be  found  as  solutions  to  the  Dirichlet  or  Neumann  eigen¬ 
value  problems  for  Laplacian  [1-3];  these  are  well 
known  for  various  cavity  geometries.  Equations  for  find¬ 
ing  mode  amplitudes  are  the  result  of  projecting  Max¬ 
well  equations,  constitutive  relation,  given  impressed 
electric  and  magnetic  currents  and  initial  conditions  onto 
the  basis  generated  of  the  set  of  cavity  modes.  These 
evolutionary  equations  can  be  written  in  a  matrix  form 

iX(t)  +  Qsol.X(t)  =  Fjt),  X@o=X0;  (3) 

fY\t)  +  Ql  •  Y \t)  =  r  (*),  Y^o  =  Y- 

iY\t)  +  Ql.Yh(t)  =  Fl(t),  Y‘(i)[=o  =  Y‘, 
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where  matrices  Q  , ,  Qe  ,  contain  parameters  of 

w sol  y  wzrr  wzrr  A 

permittivity  and  permeability  model  and  information 
of  cavity  geometry  -  eigenfrequencies  of  empty  cavity 
(eigenvalues  of  spatial  boundary  problem).  Eigenva¬ 
lues  of  the  matrices  gives  us  the  inherent  complex 
eigenfrequency  of  the  filled  cavity. 

We  consider  excitation  by  electric  current  pulse 
without  any  magnetic  sources,  thus  the  mode  ampli¬ 
tudes  of  magnetic  currents  jhnf3(t)  are  zero,  and  this 
results  in  absence  of  magnetic  irrotational  part  of  the 
field.  Solenoidal  and  irrotational  mode  amplitudes  of 
the  electric  current  expansion  are  specified  by  the 
same  time  dependence 

rn,a{t)  =  \  ^ 


The  solution  of  the  system  (3)  yields  solenoidal  mode 
amplitudes  in  the  following  form: 


X(t)  =  4  E  k  (K°l ) 1  IK01  >  *)coi  f  o,  o, . . . ,  o) , 

k= 1 

K(\i= Ti 


^ru-QS0 


(6) 


where  \sk°l  are  eigenvalues  of  matrix  Q  ,  and  the 
function  /(A,  t)  is  defined  as 


2A T  exp(— A tj 
(Ar-i)4 


exp(-t/r)  _  Ar(?) 

A-l/T  |3\T/  XT-1 


2Ar(?) 

(AT-l)2 


2  XT 
(AT-lf 


Dimension  of  the  matrix  Q  ,  is  2+2P  +2 P  ,  P  , 

Pm  are  quantity  of  Lorentz  poles  of  permittivity  and 
permeability  model.  There  is  gives  us  the  complex 
resonance  system  with  P  +  P  H- 1  eigen  resonances. 


3.  Results 

Using  presented  approach  we  have  possibility  to  obtain 
complex  eigenfrequency  of  the  cavity  filled  with  disper¬ 
sive  medium.  Frequency  dependence  of  medium  refrac¬ 
tive  index  is  taken  into  account  in  wide  range  of 
frequencies  and  has  positive  and  negative  values.  Cavity 
with  such  dispersive  medium  represents  the  compound 
system  with  a  few  resonances.  One  of  the  resonances  is 
conditioned  by  the  re-reflection  of  the  field  between  cavity 
walls  (cavity  resonance).  Other  resonances  are  conditioned 
by  resonance  properties  of  the  medium  (medium  reson¬ 
ance).  Figure  1  presents  the  frequency  dependencies  of 
real  and  imaginary  part  of  refractive  index  of  the  medium, 
simulated  by  three  Lorentz  poles  for  permittivity  and  per¬ 
meability.  Frequency  of  one  of  medium  resonances  is 
decrease  with  decreasing  cavity  size  and  has  values  in  the 
frame  of  interval  ~9  -  20  GHz,  where  refractive  index  has 
negative  values  and n\f)  >  n"(f) .  Other  frequencies  of 
medium  resonances  are  situated  in  the  range  of  negative 
value  of  refractive  index,  but  n\f)  <  n"(f) .  Between 


Fig.  1.  Frequency  dependence  of  medium  refractive 
index  modeled  by  three  poles  for  permittivi¬ 
ty  and  permeability. 

frequencies  of  the  system  resonances  is  an  available  fre¬ 
quency  ranges  where  oscillations  cannot  exist. 

For  the  end  it  should  be  noted  that  the  performance 
of  excitation  of  the  cavity  by  pulse  current  is  depend 
on  frequency  of  maximum  of  spectral  density  of  exci¬ 
tation  signal  and  obtained  frequency  responses  of  the 
cavity  as  function  of  cavity  size.  Resonances  that  have 
different  nature  are  excited  with  different  efficiency 
for  some  cavity  sizes. 
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Abstract 

This  paper  briefly  reviews  the  design  of  a  prolate-spheroidal  impulse-radiating  an¬ 
tenna  system,  to  launch  and  focus  fast  (100  ps)  high-voltage  (>  100  kV)  pulses,  as  a 
non-invasive  tool  for  melanoma  (skin  cancer)  treatment.  The  experiments  on  a  graded 
five-layer  dielectric  lens,  designed  to  match  the  pulses  into  a  biological  target  me¬ 
dium,  are  outlined.  The  design  of  a  switch  system  to  launch  high-voltage  spherical 
TEM  pulses  is  also  summarized. 

Keywords:  Impulse-radiating  antenna,  prolate-spheroidal  reflector,  focusing  lens, 
picosecond  pulses,  switch,  launching  lens,  melanoma. 


1.  Introduction 

Impulse  radiating  antennas  can  radiate  very  fast  elec¬ 
tromagnetic  pulses  with  high  field  amplitudes.  Recent 
research  shows  that  such  pulses  can  be  used  to  kill 
melanoma  cells  or  aid  in  gene  insertion  [1].  At 
present,  electric  fields  are  invasively  delivered  to  the 
tumor  using  implanted  electrodes.  A  non-invasive 
technique  to  deliver  these  electric  fields  is  practically 
more  desirable.  A  Prolate- Spheroidal  Impulse- 
Radiating  Antenna  (PSIRA)  is  one  such  device,  in 
which  a  prolate-spheroidal  reflector  is  used  to  focus 
electric  fields  in  the  near-field  region,  where  the  bio¬ 
logical  target  (skin  cancer  cells)  is  located.  A  focusing 
lens  is  used  to  match  the  electric  fields  launched  in  air 
into  the  target  medium. 

2.  The  Prolate-Spheroidal  Impulse- 
Radiating  Antenna  (PSIRA) 

The  Impulse  Radiating  Antenna  (IRA)  is  a  focused 
aperture  hyperband  antenna  suited  for  radiating  very 
fast,  high-voltage  (>  100  kV)  pulses  in  a  narrow 
beam.  IRAs  are  composed  of  two  main  parts,  a  conic¬ 
al  TEM  transmission  line,  called  the  feed  arms,  and  a 
focusing  optic  which  is  usually  a  reflector  or  a  lens. 
To  focus  the  electric  fields  reflected  by  the  reflector, 
onto  a  target  located  in  the  near-field,  a  prolate- 
spheroidal  reflector  must  be  used  [2]. 

The  side  view  of  a  60°  four  feed-arm  PSIRA  is 
shown  in  Fig  1.  The  60°  four  feed- arm  configuration 
is  found  to  provide  the  largest  electric  fields  compared 
to  other  feed-arm  configurations.  The  dimensions  of 


the  feed-arms  are  determined  by  their  200  Q  pulse 
impedances  [3]. 

The  PSIRA  system  has  two  foci.  An  inhomogene¬ 
ous  spherical  TEM  wave  launched  on  the  guiding 
conical  conductors  from  one  focus  ( -z0 )  is  converted, 
by  a  double  stereographic  transformation,  to  a  second 
(reflected)  inhomogeneous  spherical  TEM  wave  prop¬ 
agating  toward  the  second  focus  ( +z0 )  [2]. 

The  reflector  geometry,  and  position  of  the  trunca¬ 
tion  plane,  zp ,  are  optimized  to  maximize  the  electric 

fields  concentrated  at  the  second  focal  point.  The  fol¬ 
lowing  dimensions  were  found  to  be  most  suitable  [3], 

z  =  0,  a  =  0.625  m,  b  =  u/  =  0.5  m, 

(1) 

z0  =  0.375  m,  /  =  1  m, 

X 


zp  =0*^  =b 


Fig.  1.  Front  view  of  a  four- feed  arm  PSIRA  [2]. 
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where,  zp=z  -  coordinate  of  the  truncation  plane, 
a,b  =  radii  of  the  prolate- spheroid, 
z()-\a  -b  I  =  focal  distance 

/  =  a  +  z0  =  distance  used  for  normalization, 

=  radial  coordinate. 

The  size  of  the  reflector  is  optimized  for  an  input 
pulse  with  a  100  ps  rise  time,  as  this  yields  practically 
reasonable  dimensions. 

CST  Microwave  Studio,  a  three  dimensional,  Finite 
Integral  Time  Domain  (FITD),  commercially  availa¬ 
ble  software,  was  used  for  our  simulations.  A  1  V, 
100  ps  ramp  rising  step  was  used  as  the  input  in  all 
simulations. 


3.  Focusing  Lens 

One  problem  with  placing  the  fields  at  the  target  con¬ 
cerns  the  dielectric  properties  of  the  target  medium 
and  its  surroundings.  If  the  wave  incident  on  the  target 
is  in  air,  but  the  target  medium  has  a  large  permittivity 
(say  about  81  for  water),  there  will  be  a  significant 
reflection  of  the  pulse  leading  to  a  smaller  field  in  the 
target  medium  [4].  This  mismatch  can  be  reduced  by 
using  a  graded  dielectric  lens.  This  lens  is  called  the 
focusing  lens.  A  schematic  of  the  PSIRA  and  focusing 
lens  system  is  shown  in  Fig.  2. 

A  10  layer  lens,  ermm  =  1  to  srnmx  =81  ,  with  a 
15  cm  radius  was  found  to  provide  satisfactory  elec¬ 
tric  enhancement.  Besides  reducing  the  reflection  of 
the  input  pulse  incident  on  the  target,  the  focusing 
lens  has  two  additional  advantages:  (1)  the  electric 
field  at  the  second  focal  point  is  amplified  by  s]!^ 
and  (2)  the  beam  width  (spot  diameter)  is  reduced  by 

[5]. 

As  a  proof  of  concept,  a  five-layer  focusing  lens, 
£rmm  =  1  to  ^rmax  =  9 ,  was  studied.  The  experimental 
“zoomed-in”  impulse  waveforms,  at  the  second  focal 
point,  in  air  and  inside  the  lens  are  compared  in  Fig.  3. 
The  FWHM  of  the  impulse  in  air  is  100  ps  while  that 
inside  the  lens  is  130  ps.  The  larger  FWHM  inside  the 
lens  is  mostly  due  to  losses  in  the  lens  materials.  The 


Fig.  2.  PSIRA  and  focusing  lens  system  [5]. 


Fig.  3.  Comparison  of  “zoomed-in”  electric  field 
impulse,  at  second  focal  point,  in  air  and  in 
lens  [5]. 


Distance  from  focal  point  (cm) 


Fig.  4.  Comparison  of  simulation  and  experiment  re¬ 
sults  for  beam  width  in  air  and  inside  lens  [5]. 

electric  enhancement  is  approximately  1.7  as  expected 
from  theory  [5].  Fig.  4  compares  the  numerical  simu¬ 
lation  and  experimental  results  for  the  beam  width 
(spot  diameter)  in  air  and  inside  the  lens.  Again,  the 
larger  beam  width  in  the  lens,  compared  to  the  corres¬ 
ponding  simulation  results,  is  due  to  losses  in  the  lens 
materials.  In  the  experiments,  the  spot  diameter  is 
reduced  by  a  factor  of  2.5  while  in  the  simulations  it  is 
reduced  by  a  factor  of  3.04.  These  results  agree  well 
with  those  obtained  from  analytical  calculations. 

4.  Design  of  the  Switch  System 

For  input  voltages  of  100  kV  or  more,  a  switch  system 
and  “launching”  lens  are  necessary  to  effectively 
launch  a  spherical  TEM  wave  from  the  first  focal  point. 
The  switch  system  consists  of  switch  cones,  a  pressure 
vessel  and  a  gas  (typically  hydrogen)  chamber. 

The  geometrical  center  of  the  switch  cones  coin¬ 
cides  with  the  first  focal  point.  Various  switch  confi¬ 
gurations  were  investigated  in  an  effort  to  maximize 
the  impulse  amplitude  at  the  second  focal  point  with  a 
minimum  compromise  in  the  spot  size.  The  Truncated 
Four-Feed  Arm  with  Switch  Cones  (T4FASC)  design 
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was  found  to  provide  the  most  satisfactory  results  [6]. 
In  this  configuration,  a  200  Q  bi-cone  switch,  of 
height  1.0  cm,  centered  at  the  first  focal  point,  transi¬ 
tions  to  the  conical  feed-arms  of  the  PSIRA.  The  feed 
arms  are  truncated;  the  length  of  the  feed  arms  from 
the  first  focal  point  is  approximately  1 9  cm. 

The  pressure  vessel  can  be  considered  to  serve  as  a 
(launching)  lens.  This  considerably  simplifies  the  de¬ 
sign  of  the  switch  system.  Two  pressure  vessel  de¬ 
signs  were  investigated:  (1)  Spherical  Pressure  Vessel 
(SPV)  with  a  Spherical  Hydrogen  Chamber  (SHC) 
and  (2)  Cylindrical  Pressure  Vessel  (CPV)  with  a  Cy¬ 
lindrical  Hydrogen  Chamber  (SHC).  The  SPVSHC 
design  is  the  simplest  as  the  shape  of  the  pressure  ves¬ 
sel  conforms  to  the  spherical  wave-front  originating 
from  the  source  (first  focal  point).  The  dimensions  of 
the  CPV  were  determined  using  optical  (high  frequen¬ 
cy)  approximations. 

The  waveforms  at  the  second  focal  point  for  the 
SPV  and  CPV  configurations  are  compared  in  Fig.  5. 
One  notes  that  the  CPV  configuration  has  a  lower 
amplitude  than  the  SPV  design.  This  is  because  the 
optical  approximations  used  in  the  CPV  design  are 
invalid  at  the  lower  frequencies  in  the  input  pulse. 
Experimentally  however,  the  CPV  design  is  attractive 
as  it  is  easier  to  fabricate. 

The  dimensions  of  the  pressure  vessel  and  feed- 
arms  for  both  configurations  were  optimized  to  max¬ 
imize  the  peak  focal  impulse  amplitude  with  mini¬ 
mum  increase  in  the  spot  size. 

4.  Concluding  Remarks 

This  paper  has  presented  the  design  of  a  PSIRA,  fo¬ 
cusing  lens  and  switch  system.  The  design  is  concep¬ 
tually  complete.  Experimental  results  with  a  five- 
layer,  dielectric  focusing  lens  agree  well  those  ob¬ 
tained  from  simulations  and  analytical  approxima¬ 
tions. 

Future  work  involves  finding  better  materials  with 
less  loss  and  dispersion  for  the  focusing  lens.  The 
practical  realization  of  the  switch  system  and  high- 
voltage  experimental  results  will  also  be  important  in 
characterizing  the  efficacy  of  the  full  PSIRA  system. 
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Abstract 

The  paper  deals  with  one  of  principal  issues  of  IR-UWB  application  -  achievable 
date  rates  in  multiple  access  radio  networks. 

It  is  shown  that  conventional  representation  of  IR-UWB  signals  as  very  high  rate 
carrier  does  not  reflect  real  facts.  Data  rates  in  radio  networks  with  multiple  access 
and  presentation  of  data  by  orthogonal  impulse  series  are  much  less  than  those  stated. 

Frequency  limitations  of  UWB  spectmm  especially  its  higher  part  are  also  de¬ 
crease  possible  data  rates. 

Keywords:  Impulse  radio  ultra  wide  band  (IR-UWB),  duty  factor,  impulse  duration, 
orthogonal  code,  coherent  reception. 


1.  Introduction 

It  is  generally  accepted,  that  impulse  radio  ultra  wide¬ 
band  signals  (IR-UWB)  provide  very  high  data  rates 
and  high  of  traffic  density  within  an  area  unit  [1]. 
Such  assertion  is  usually  based  on  Shannon  formula, 
which  shows  that  data  transmission  rate  is  proportion¬ 
al  to  the  bandwidth  occupied  by  a  signal.  Indeed,  im¬ 
pulse  signal  of  one  nanosecond  duration,  for  example, 
occupies  frequencies  from  near  zero  to  about  ten  gi¬ 
gahertz.  However,  if  information  is  presented  by  one 
impulse,  the  impulse  presents  just  one  bit  of  informa¬ 
tion.  Thus,  «direct»  application  of  Shannon  formula 
for  impulse  signals  is  not  correct. 

2.  Modulation 

For  estimation  of  possible  transmission  rates  it  is  rea¬ 
sonable  to  examine  them  in  time  domain.  Maximally 
possible  rate  in  a  single  channel  communication  sys¬ 
tem  can  be  proportional  to  the  amount  of  impulses, 
presenting  the  bits  of  information  during  a  time  unit. 
High  data  rate  will  be  attained  by  the  dense  «packing» 
of  impulses  in  time.  And,  obviously,  the  shorter  im¬ 
pulses,  the  higher  transmission  rate. 

However,  a  transmission  by  non  modulated  im¬ 
pulses  will  correspond  to  the  binary  information  trans¬ 
fer  «with  a  passive  pause»,  when  impulses  represent 
either  0  or  1.  For  binary  transmission  (0  and  1)  or 
multiple  characters  information  transmission  impulse 
modulation  is  needed  to  recognize  the  bit  value.  There 
are  many  types  of  impulse  modulation  proposed  - 
amplitude,  phase,  time-hopping  and  code  impulse 
series.  All  of  them  have  one  or  another  shortcoming, 
which  complicate  receivers  (requirements  of  very  fine 
synchronization,  exactness  of  the  matched  filters  ele¬ 


ments  making  and  other).  Non-coherent  methods  of 
short  impulsive  signals  reception  allow  simplifying 
receivers  thanks  to  increased  tolerance  of  above  men¬ 
tioned  problems. 

Shortening  impulses  duration  reduces  their  energy. 
Indemnification  of  energy  can  be  attained  either  due 
to  the  increase  of  impulse  amplitudes  or  their  amounts 
in  the  signal.  The  first  is  presently  limited  by  the  am¬ 
plitude-frequency  mask  of  FCC  [2],  second  -  accessi¬ 
ble,  but  reduces  the  information  rate.  Nevertheless, 
presentation  of  informative  bits  by  impulse  code  se¬ 
quences  is  the  best  method  of  modulation  because  it 
allows  to  carry  out  addressing  of  signals  to  the  con¬ 
crete  receivers  tuned  to  the  codes,  and  to  use  the  pas¬ 
sive  matched  filters,  invariant  in  time  and  not 
requiring  the  signal  synchronizations. 

3.  Multiple  Access  and  Signal 
Orthogonality 

In  a  narrow-band  signals  radio  networks  it  is  neces¬ 
sary  to  employ  a  Medium  Access  Control  (MAC) 
protocols,  which  reduce  transmission  rate  of  each  sub¬ 
scriber.  If  IR-UWB  signals  are  used  in  a  radio  net¬ 
work,  imposition  of  many  subscriber’s  signals  is 
possible  if  they  are  orthogonal  and  receivers  have  an 
ability  to  select  necessary  signals  from  a  total  stream. 
Impulse  signals  are  orthogonal  if  they  displaced  in 
time  in  relation  to  each  other,  and  the  receiver  has  an 
ability  to  be  synchronized  with  each  of  them  (recep¬ 
tion  on  the  active  correlator  with  synchronization). 
This  condition  requires  minimum  coincidence  in  time 
of  impulses  from  different  subscribers.  Orthogonality 
is  also  provided  by  the  choice  of  different  temporal 
impulse  positions  of  for  each  of  signals.  In  this  case  it 
is  possible  usage  of  passive  filters,  matched  with  sig- 
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nals,  without  the  synchronization.  Thus  we  have  an 
equivalent  of  code  division  multiplexing. 

The  temporal  bit  encoding  by  number  of  impulses 
allows  reducing  energy  of  impulses  at  transmission 
side  and  compensating  signal  energy  by  adding  up 
energy  of  many  impulses  at  a  reception  side,  provid¬ 
ing  a  necessary  signal-to-noise  ratio  on  the  decision 
making  device  of  the  receiver. 

4.  Signals’  Transparency 

In  networks  with  IR-UWB  signals  MAC  protocol  with 
the  code  modulation  can  be  removed,  if  the  orthogonal¬ 
ity  of  the  code  sequences  provide  ‘mutual  transparen¬ 
cy’,  i.e.  code  sequences  allow  to  place  the  impulses  of 
users’  in  pauses  between  the  impulses  of  each  other 
signals.  By  other  words,  pauses  between  the  impulses 
of  each  of  subscribers’  signal  must  suffice  for  placing 
in  them  impulses  of  signals  of  other  subscribers.  It  is 
necessary  to  understand  the  ‘mutual  transparency’  in 
majority  sense:  the  possible  mutual  coincidences  of 
impulses  of  different  subscribers  must  be  at  minimum 
to  keep  the  probability  of  erroneous  reception  of 
«stranger»  code  sequence  at  minimum  -  i.e.  ‘orthogo¬ 
nality’  always  means  ‘quasi  orthogonality’. 

Signal  ‘transparency’  can  be  presented  by  mean 
duty  cycle  factor:  q  >  T  /  nr  =  1  /  Vnr  ,  where  T 
is  duration  of  bit  of  signal,  r  is  pulse  width,  n  is 
amount  of  impulses  in  the  code  sequence,  V  =  1  /  T 
is  data  transfer  rate  in  the  network.  A  total  value  of 
duty  cycle  in  the  network  with  N  active  subscribers 

q  =  t/y. ]  nr  must  be  more  than  1  to  provide 

N 

transmissions  of  all  subscribers  with  minimum  proba¬ 
bility  of  impulse  coincidence  of  their  signals.  Thus  the 
total  data  rate  in  a  radio  network  with  code  division  is 
equal  V  <1  /  Qnr  . 

Fig.  1  shows  total  data  rates  in  a  network  with  im¬ 
pulse  durations  at  the  mean  duty  cycle  value  equals  10. 


Fig.  1  Network  data  rates  vs.  signals  impulse  dura¬ 
tions. 


5.  Impulse  Spectrum  Limitations 

Data  rate  speed  up  is  possible  by  reduction  number  of 
impulses  n  and  impulse  duration  T  minimization. 
First  undesirable,  as  diminishes  the  variety  of  codes 
and  energy  of  signal,  second  -  also  diminishes  signal 
energy,  and  in  addition  displaces  the  maximum  signal 
spectrum  toward  more  high-frequency  region  of  radio 
spectrum. 

Spectrum  limitation  of  such  ultra  wideband  signals 
is  necessary,  although  it  may  be  a  temporal  fact  pre¬ 
venting  interference  from  them  to  the  existent  com¬ 
munication  systems.  The  FCC  mask  on  power  and 
spectrum  limits  communication  possibilities  -  limits 
distance  (up  to  10  meters)  and  on  data  rate.  The  sig¬ 
nal,  which  the  best  fits  the  mask,  must  have  duration 
of  0,146  ns.  This  corresponds  to  the  maximum  of  its 
spectrum  in  the  middle  of  3.1  -  10.6  GHz,  i.e. 
6.85  GHz.  Accordingly  to  fig.  1,  data  rate  in  a  net¬ 
work  with  signals  consisting  of  500  impulses  per  bit 
does  not  exceed  1  megabit  per  second. 

It  would  seem  that  impulse  duration  shortening  can 
be  the  mean  for  data  rate  speeding  up. 

Presently  there  are  facilities  and  devices,  generat¬ 
ing  impulses  less  than  10  picoseconds  duration  of 
enough  power.  However  there  is  a  problem  to  keep  so 
small  durations  under  frequency  limitations  of  the 
impulse  spectrums.  Limitation  of  low  frequency  part 
of  the  spectrum  (lower  then  its  maximum)  does  not 
influence  the  impulse  width,  though  changes  its  form 
(that  can  cause  some  problem  for  impulse  coherent 
reception).  But  high  frequency  limitation  with  low 
pass  filtering  and  especially  band-pass  filtering  in¬ 
crease  impulse  duration.  That  contradicts  to  the  pur¬ 
pose  -  increase  of  speed  of  transmission.  It  is  the 
same  possible  to  say  at  the  key-in  of  impulses  through 
nojiocoBtie  filters. 

Fig.  2  illustrates  the  result  of  25  picoseconds  mo¬ 
nocycle  spectrum  limitation  by  30  -  50  GHz  band¬ 
pass  filter:  the  initial  Gaussian  mono-impulse  degene¬ 
rates  in  45  -  50  picoseconds  duration  radio-impulse. 

If  one  passes  such  short  impulse  through  a  band¬ 
pass  filter,  fitted  to  the  FCC  mask,  the  result  will  be 
catastrophic  (Fig.  3). 

6.  Conclusions 

The  code  modulation  of  IR-UWB  signals  is  the  effective 
method  to  provide  quasi  orthogonality  and  addressing 
signals  in  radio  networks,  allowing  providing  multiple 
access  to  radio  channel  without  MAC  protocols.  At  the 
same  time,  it  reduces  data  rate  due  to  necessity  of  provid¬ 
ing  of  «mutual  transparency))  of  all  signals. 

Data  rate  speed  up  can  be  provided  by  shortening 
of  impulse  durations.  Here  however  displacement  of  a 
spectrum  maximum  to  more  high-frequency  band  of 
radio  spectrum  takes  place.  It  will  be  a  reason  to  select 
new  band  for  future  IR-UWB  communications  in  a 
comparatively  less-used  regions  of  radio  spectrum 
higher  50  GHz. 
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Fig.  3.  Shape  of  25  ps  impulse  after  the  FCC  mask 
limitation. 

However  there  should  be  no  low-pass  or  strict 
band-pass  impulse  spectrum  limitations  which  results 
in  the  impulse  durations  increase.  High-pass  spectrum 
limitations  can  be  conceivable  and  desirable  to  pre¬ 
vent  interference  from  and  to  radio  systems  using 
lower  part  of  the  spectrum. 
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Abstract 

Ultrawideband  frequency  modulated  continuous  wave  (FMCW)  signals  are  using 
for  ionospheric  sounding  by  chirp  sounders.  We  can  use  two  techniques  of  digitizing. 
The  first  one  is  digitizing  at  intermediate  frequency.  The  second  one  is  digitizing  at 
double  maximum  frequency  of  signal.  Both  of  them  use  uniform  sampling.  In  this 
paper  we  propose  technique  of  non  uniform  sampling  of  FMCW  signal. 

We  describe  the  usage  of  FMCW  signal  in  backscatter  ionosphere  sounding  (BS) 
regimes.  The  results  of  BS  give  us  possibility  for  direct  diagnostics  of  HF  radiochan¬ 
nel.  We  also  present  results  of  modeling  and  interpretation  of  BS  ionograms  which 
were  obtained  on  the  base  of  Institute  of  Solar-Terrestrial  Physics  chirpsounder. 

Keywords:  FMCW  signal;  non-equidistant  sampling;  digital  signal  processing. 


1.  Introduction 

The  diagnostics  of  ionospheric  radiochannel  proper¬ 
ties  is  important  for  fundamental  research  and  for  a 
wide  range  of  practical  problems  which  deal  with  ra¬ 
dio  communication  provision.  At  present  ionosphere 
sounding  is  carried  out  by  chirpsounders  which  use 
ultrawideband  FMCW  signals.  The  chirpsounder  can 
operates  in  vertical,  oblique  (OS)  and  BS  ionosphere 
sounding  regimes.  The  result  of  single  work  session  is 
ionogram  -  the  dependence  of  amplitude  and  group 
delay  on  frequency.  The  processing  of  FMCW  chirp- 
sounders  signals  in  OS  and  BS  regimes  allows  to  car¬ 
ry  out  real-time  direct  radiochannel  diagnostics.  The 
sounding  results  give  information  on  radio  waves 
propagation  conditions  without  restoration  and  correc¬ 
tion  of  ionospheric  parameters. 

The  theoretical  investigation  of  the  ultrawideband 
FMCW  signal  propagation  through  ionospheric  radio¬ 
channel  was  used  to  propose  an  analysis  technique  of 
received  signal  form  on  intermediate  frequency  (IF) 
[1].  This  technique  allows  us  to  obtain  radio  channel 
transfer  function  thus  expanding  the  direct  diagnostics 
techniques  abilities. 

The  goal  of  this  report  is  the  investigation  of  direct 
diagnostics  abilities  for  decameter  communication 
channel  under  BS  by  continuous  ultrawideband 
FMCW  signal  on  the  base  of  chirp  signal  propagation 
modeling  and  non-equidistant  sampling  and  digital 
processing  techniques  of  sounding  signals. 


2.  Using  of  the  FMCW  Signal  for 
Radiochannel  Diagnostic 

The  basic  operation  scheme  of  the  chirp  ionosonde  is 
well  known  [2,3].  The  chirp  signal  with  duration  of  sev¬ 
eral  minutes  is  radiated  within  the  range  of  1-30  MHz: 

e&(t)  =  sinxt2,  (1) 

where  x  is  the  chirp  rate. 

Assuming  that  characteristics  of  the  ionospheric 
radio  channel  are  linear,  the  signal  at  the  ionosonde 
receiver  input  may  be  written  as  a  convolution  e(t) 

with  the  radiochannel  pulse  response  h  (r) : 

oo 

erec(t)  =  fh(T  )etr(t~T)dT-  (2) 

0 

The  received  signal  within  the  chirp  ionosonde  re¬ 
ceiver  is  mixed  with  the  reference  oscillator  signal.  The 
mixing  result  runs  through  the  low-pass  filter  in  order  to 
remove  the  HF  component.  Samples  separated  by  the 
time  window  w(t)  at  instants  of  time  tk  are  fed  to  the 

spectrum  analyzer  input.  The  sequence  of  output  spectra 
is  recorded  (digitized)  and  is  the  result  of  one  operation 
session  of  the  chirp  ionosonde.  The  sequence  of  output 
spectrum  Sk  (uj  involves  two  terms:  the  first  is  concen¬ 
trated  in  the  region  of  F  positive  values,  and  the  second 
is  in  the  region  of  negative  ones.  Since  Sk  (f)  is  the 
Fourier  transform  of  a  real  function,  the  following  condi- 
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tion  is  fulfilled:  Sk  (— Fj  =  S*  (f) .  We  confine  our¬ 
selves  to  considering  S+  (f)  for  F  positive  values: 

5;  (f)  =  -em*  J  h(r)W(F  -  2Xr)e^^  dr  .  (3) 
0 

Here  W^F  —  2 is  the  window  spectrum.  The  win¬ 
dows  used  in  chirp  sounders  have  a  narrow  band  of  about 
ten  Hz,  and  the  spectrum  is  localized  close  to  zero  of  ar¬ 
gument.  Initial  frequency  of  the  analyzer’s  working  range 
exceeds  the  window-spectrum  bandwidth.  Thus  the  lower 
limit  of  integration  with  respect  to  r  can  be  extended 
down  to  —  oo  .  If  we  change  the  integration  variable  r  for 

y  =  F j 2\  —  r  ,  introduce  the  function 

b  [y )  =  elxy  W  (2 xy) ,  and  also  express  the  pulse  re¬ 
sponse  in  terms  of  the  transfer  function  of  the  ionospheric 
radio  channel  H(u)  [2],  the  spectrum  can  be  written  as: 

.  F2  00  .  loF 

S+(F)  =  ^J  H{u)B{ u)  +  2 X\  ~  F)e'^dLO .  (4) 

— oo 

Here  B(w  +  2\tk  —  D)  is  the  Fourier  transform  of 
function  b(y) . 


where  Nz  —  ZFtj'K ,  D'  is  chosen  in  accordance 
with  essential  accuracy. 

If  we  will  return  to  variable  t  by  using  inverse  subs¬ 
titution  z(t)  =  g(t )  •  t ,  then  signal  f(t)  will  be  res¬ 
tored  in  the  form  of  Kotelnikov  series,  but  the  samples 
for  f{t)  will  be  non-equidistant. 


/(*)~E/W 


k=0 


sin  (Ft'z(t)  —  kir) 
Ft'  z(t)  —  k'K 


E/ 


kir 


Ft' 


sin (Ft'  g(t)  •  t  —  kir) 


Ft'  g(t)  -t  —  kir 


(6) 


where  tk 


9(zk)  =  9 


kir 


Obviously,  under  substitution  of  variable  the  Fourier 
spectrum  will  be  different.  But  we  have  formulae  for 
transformation  of  one  spectra  to  another  and  after  inverse 
substitution  the  spectrum  will  be  restored. 

Thus  we  use  synchronous  detection  of  frequency 
modulated  signal.  The  multiplication  by  reference 
oscillator  signal  is  the  particular  case  of  synchronous 
detection.  Another  particular  case  is  uniform  sam¬ 
pling.  Further  transformations  are  executed  by  ordi¬ 
nary  digital  technique  as  it  is  described  in  [1]. 


3.  Digitizing  of  FMCW  Signal 

In  [1]  it  was  shown  that  for  reconstructing  transfer 
function  of  the  ionospheric  radiochannel  we  can  use 
digitizing  FMCW  signal  at  the  IF.  Usually  technique 
for  digitizing  is  based  on  the  WKS  (Whittaker,  Kotel¬ 
nikov,  Shannon)  equidistant  sampling  theorem.  Mod¬ 
ern  devices  execute  sampling  on  doubled  maximum 
frequency  and  following  operations  are  executed  in 
digital  form.  However,  for  FMCW  signal  which  is 
used  in  ionosondes  this  sampling  is  redundant  so  far 
as  the  frequency  is  varied  from  1  to  30  MHz. 

Below  we  will  show  that  it  is  possible  to  modify 
WKS  theorem  for  FMCW  signal.  This  technique  al¬ 
lows  to  sample  signal  irregularly,  but  synchronously 
with  FMCW  frequency  changing. 

Signal  f(t)  £  L2  lies  on  interval  t  £  [0 ,T] ,  and  out 

of  this  interval  signal  is  equal  to  0.  Let  us  make  the 
substitution  of  variable  t  =  g[z)  of  the  form 

z(t)  =  (ujq  +  xt)  *  t  =  g(t)t ,  and  which  is  monoton¬ 
ous  on  this  interval.  The  execution  of  monotony  subs¬ 
titution  provides  existing  of  simple  inverse 
substitution.  Let  us  notice  that 

f(t)  =  f(g(z ))  =  f(z)  =  f(z(t ))  • 

The  signal  obtained  as  a  result  of  such  substitution 
is  f(z)  £  L2  on  interval  z  e[0,Z],  where  Z  =  z(T) . 
Let  us  apply  WKS  theorem  to  new  variable  signal: 


kir 

sin^z  —  kir) 

n' 

Ft'  z  —  kir 

4.  Using  Ultrawideband  FMCW  for 
Direct  Diagnostics  of  HF 
Communication  Radiochannel 

One  of  techniques  that  give  the  most  potential  possi¬ 
bilities  in  HF  channel  is  the  BS  [4].  By  using  BS  we 
can  diagnose  medium  in  large  spatial  regions  within 
several  thousands  kilometers.  The  registration  of  BS 
signal  allows  us  to  control  ionosphere  conditions  and 
investigate  scattering  properties  of  ground  surface. 

The  modeling  of  FMCW  signals  characteristics  un¬ 
der  BS  in  the  framework  of  waveguide  approach  [5]  is 
carried  out  on  the  base  of  incoherent  scatter  approxi¬ 
mation  in  which  scattered  field  characteristics  are 
expressed  through  incidence  field  characteristics  (in¬ 
cidence  angle  and  amplitude)  and  local  scatter  dia¬ 
gram  or  scatter  coefficients. 

By  modeling  of  BS  signal  characteristics  and  experi¬ 
mental  data  analysis  we  have  revealed  weakly  changed 
ratio  (under  ionosphere  parameters  variations)  of  group 
path  Pm ,  which  corresponds  to  leading  edge  of  BS  sig¬ 
nal  and  distance  to  illuminated  zone  border  D 

m 

(P  ID  ).  Given  adiabatic  relation  allow  us  to  deter- 

mine  maximal  usable  frequency  (MUF)  of  propagation 
mode  on  given  radio  path  with  a  help  of  BS  data.  For 
ionosphere  parameters  forecast  we  can  calculate  range- 

frequency  characteristics  Pm  (/)  and  D  (/) .  Also,  for 

given  range  D  we  can  calculate  ratio  77  =  P  /  D  and 

after  that  on  real  range-frequency  characteristic  of  BS  by 
V  *  leading  edge  we  can  determine  the  frequency  for  which 
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group  path  is  equal  to  value  P  =  r]D  .  The  calculated 

frequency  will  be  real  fm  for  given  D  . 

The  approbation  of  proposed  technique  for  BS  sig¬ 
nals  characteristics  calculation  is  carried  out  by  means 
of  experimental  data  obtained  by  ISTP  chirpsounder 
(Irkutsk).  As  an  example  on  Fig.l  we  present  BS  io- 
nograms  obtained  on  29  February  1996,  4:49  UT  un¬ 
der  sounding  in  Asia-pacific  ocean  region  direction 
with  modeling  results  of  range-frequency  characteris¬ 
tics  of  BS  signal  by  leading  edge,  processing  by  am¬ 
plitude  relief  (la)  and  interpretation  (lb). 

For  BS  signals  interpretation  we  use  reconstruction 
technique  for  range-frequency  characteristics  of  BS 
signal  by  current  BS  data  on  the  base  of  invariant 

P  /  D  .  The  results  of  one-hop  mode  1F2  recon- 

struction  are  presented  on  Fig.  lb.  The  processing  of 
amplitude  relief  has  shown  the  presence  of  horizontal 
tracks  with  nearly  constant  delay.  For  interpretation  of 
these  signals  we  used  reconstruction  technique  for 
range-frequency  characteristics  of  BS  signal  by  cur¬ 
rent  BS  data.  Using  the  results  of  BS  signals  modeling 
by  leading  edge  and  marked  tracks  of  one-hop  signals 


F  km  Irkutsk 


a) 

P,  km  Irkutsk 


4  6  8  10  12  14  16  18  20  22  24  26  23  f  MHz 

b) 

Fig.  1.  The  BS  ionograms,  modeling  results  (a)  and 
interpretations  (b).  29  February  1996, 4:49  UT. 


we  can  calculate  MUF  for  OS  f  on  fixed  ranges 
grid.  On  the  base  of  calculation  results  we  can  obtain 
ranges  for  which  group  path  Pm  approximately  com¬ 
plies  with  horizontal  track  delay.  Using  the  long-term 
forecast  of  range-frequency  characteristics  for  oblique 
sounding  on  chosen  ranges  in  relative  frequency  grid 

(3  =  f  /  /J ,  where  /J  is  prognosis  value  of  MUF 

propagation  mode,  we  can  carry  out  the  interpretation 
of  horizontal  "tracks"  by  means  of  recalculation  of 
model  oblique  sounding  range- frequency  characteris¬ 
tics  on  real  frequency  grid  (3  f .  The  calculation  re¬ 
sults  of  range-frequency  OS  characteristics  for 
propagation  mode  1F2  on  ranges  1800  km  and  2500 
km  are  shown  on  Fig.  lb  by  lines  with  numbers  1  and 

2.  The  determination  of  scattering  objects  positions  by 
receiving  points  coordinates  of  OS  signals  on  chosen 
distances  from  transmitter  shows  that  appearance  of 
horizontal  bands  on  BS  ionograms  in  our  experiment 
can  be  connected  with  scattering  on  transition  border 
between  sea  and  land. 

Conclusion 

The  suggested  technique  of  non-equidistant  sampling 
for  ultrawideband  FMCW  signal,  synchronized  with 
changing  signal  frequency  allows  to  restore  signal 
with  a  help  of  formulae  (6).  In  fact,  it  is  generalization 
of  WKS  theorem  for  the  case  of  special  signals  such 
as  FMCW  signals. 

Further  analysis  of  both  in-phase  and  quadrature 
components  of  the  FMCW  signal  is  carried  out  by 
standard  processing.  As  a  result  we  obtain  the  depen¬ 
dence  of  group  delay  on  frequency  -  ionogram  of  io- 
nosonder.  The  application  of  BS  techniques  allows  to 
conduct  direct  diagnostics  of  HF  communication  radi¬ 
ochannel. 
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Abstract 

High  accuracy  measurement  of  coordinates  of  the  targets  placed  behind  of  radio¬ 
transparent  barrier  (inside  of  closed  room)  using  ultra-wide  band  (UWB)  radar  seems  to 
be  the  perspective  field  of  the  investigation.  The  results  of  these  investigations  could  be 
useful  when  solving  problems  concerned  with  combating  terrorism,  security  etc. 

Keywords:  Multi-static  ultra-wide  band  radar,  measurement  of  coordinates, 
identification  of  measurements,  mathematical  modeling. 


1.  Introduction 

The  abilities  of  UWB  radars  in  respect  to  the  coordi¬ 
nate  measurement  are  different  and  depend  upon  the 
radar  configuration  [1-4].  One  of  possible  ways  to 
provide  high  accuracy  of  coordinate  measurement  is 
using  of  several  space-distributed  UWB  sensors. 
These  sensors  could  be  placed,  for  example,  along  the 
outside  wall  of  the  room. 

Antennas,  used  in  UWB  radars,  usually  possess 
slightly-directional  properties  [4].  Thus,  using  short- 
pulse  probing  signal,  every  sensor  (position)  of  the 
system  can  provide  measurement  of  only  range  of  the 
target  [3].  Using  measurements  of  the  range  of  the 
same  target  obtained  in  different  positions,  one  can 
compute  target  coordinates  by  different  methods. 

When  several  targets  are  placed  simultaneously  in 
radar  cover,  the  problem  of  identification  of  range 
measurements  arises  due  to  arising  of  false  measure¬ 
ments.  This  is  caused  by  the  crossing  of  position  lines 
corresponding  to  different  targets.  The  quantity  of 
false  measurements  rises  sharply  with  rising  of  the 
quantity  of  targets.  The  possible  ways  to  exclude  false 
measurements  are  increasing  the  quantity  of  positions 
or,  in  another  case,  target  coordinate  measurement 
with  the  same  positions,  but  using  different  methods. 

2.  Model  of  Observation  Process 

2. 1 .  System  Configuration 

The  paper  deals  with  analysis  of  the  system  consisting 
of  three  UWB  sensors  placed  along  the  same  wall  of 
the  room,  outside  of  the  room.  Data  containing  mea¬ 
surements  of  primary  parameters  (target  ranges)  are 
passed  to  the  computer  for  the  secondary  processing. 


When  developing  algorithms  of  target  coordinate 
measurement,  it  is  worthwhile  to  use  the  maximally 
simplified  geometrical  model  of  the  radar  cover.  We 
assume  that  radiation  pattern  of  antenna  of  each  sen¬ 
sor  presents  the  angular  sector  with  width  A 6  =  90°  . 
Target  detection  is  not  provided  outside  of  this  sector. 
Thus,  the  maximal  cover  of  the  radar  is  obtained  with 
the  minimal  distance  between  the  antennas  and  practi¬ 
cally  coincides  with  the  cover  of  the  central  sensor. 

2.2  Model  of  Distributed  Target 

Since  the  linear  size  of  a  target  (human)  could  be  suf¬ 
ficiently  more  than  wavelength  (A  =  0.15  m)  in  de¬ 
pendence  upon  the  target  position,  we  should  consider 
a  model  of  space  distributed  target. 

We  consider  a  model  of  target  consisting  of  a  set  of 
flash  points.  For  the  case  of  a  human  target,  these 
flash  points  could  be  placed  along  the  ellipse.  Taking 
into  account  the  typical  size  of  the  chest  cross  section 
of  a  standing  human,  we  assume  the  half  ellipses  to  be 

equal  atg  «  0.25  m,  btg  «  0.125  m.  Considered 
model  of  a  distributed  target  is  illustrated  by  Fig.  1.  In 
Fig.  1  £  is  target  foreshortening,  a  is  angle  be¬ 
tween  the  direction  to  the  point  and  normal  to  the  line 
concatenating  two  adjacent  points,  rtg  =  [xtg,  is 

radius  vector  of  the  target  center. 

In  Fig.  1,  the  filled  circles  present  the  illuminated 
points,  while  light  circles  present  the  shadowed  points. 
The  approximation  of  geometrical  optics  was  used. 

The  radiobrightness  of  each  flash  point  could  be 
approximated  with  a  function  depending  upon  the 
angle  a  : 

norm 

A.  =F(a  )  (1) 
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Fig.  1.  Geometrical  model  of  distributed  target. 


Obviously,  that  function  (1)  has  a  maximum  when 
c^norm  =  0  •  Target  reflected  signal  presents  a  superpo¬ 
sition  of  the  signals  reflected  from  different  illumi¬ 
nated  flash  points  with  different  radiobrightness. 
Thus,  we  consider  the  following  model  of  the  estima¬ 
tion  of  target  range: 


r. 

% 


Tk^n 


rp,k 

— - \-  Ar 

N  .  Gauss 


^  ^ rp,k 


(2) 


where  Nmg  is  the  quantity  of  illuminated  points,  rk  is 


range  of  &-th  point,  ArGougg  is  the  random  error  of 


range  measurement. 

The  error  of  a  single  target  range  measurement  is 
assumed  to  be  equal 


A  r  =  f  —  r, 

1  tg  G 


(3) 


3.  Algorithm  of  Coordinate 
Measurement 

The  simplest  approach  of  coordinate  measurement  is 
the  following.  Assume  that  several  targets  are  placed 
inside  of  the  room.  Firstly,  we  obtain  the  group  of  cross 
points  of  the  position  lines  (circles)  corresponding  to 
the  side  sensors.  Then,  we  select  those  points  from  this 
group,  which  are  placed  near  the  position  line  corres¬ 
ponding  to  range  measured  from  the  central  sensor. 

The  disadvantage  of  this  approach  is  that  several  tar¬ 
gets  could  be  detected  in  each  channel  on  the  practically 
the  same  range.  In  this  case,  false  target  blips  will  be 
shown  on  the  indicator.  The  matter  of  the  problem  is  the 
following.  In  presence  of  random  errors  of  target  range 
measurement,  we  have  not  exactly  cross  points  of  posi¬ 
tion  lines,  but  ambiguity  areas  with  a  size  depending 


upon  the  range  measurement  accuracy.  The  increasing  of 
the  quantity  of  the  targets  leads  to  the  arising  of  false 
blips  caused  by  the  crossing  of  different  ambiguity  areas. 

We  propose  an  algorithm  of  target  coordinate  mea¬ 
surement  developed  to  minimize  the  probability  of 
arising  of  false  blips.  This  algorithm  consists  of  iden¬ 
tification  of  points  belonged  to  different  two  groups. 
The  first  group  contains  measurements  obtained  as 
cross  points  of  position  lines  built  using  range  mea¬ 
surements  (circles)  from  two  side  sensors.  The  second 
group  contains  points  obtained  using  measurements  of 
differential  range  from  two  side  positions  and  range 
from  the  central  position. 

In  multi-target  situation,  each  group  of  points  con¬ 
tains  correct  target  blips  as  well  as  false  blips.  We 
denote  two  analyzed  groups  as  vectors 
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Only  points  satisfying  the  condition  d  <  R 

should  be  selected,  where  d..  is  Euclidean  distance 

between  the  points,  i  is  the  number  of  point  from  the 
first  group,  j  is  the  number  of  point  from  the  second 

group,  R..  is  radius  of  ambiguity  area  depending  upon 
the  values  of  the  errors  of  range  measurements.  The 
values  of  d..  and  R  are  defined  by  the  following: 

ij  ij  j  ° 


where  k  is  selected  from  the  conditions  of  appropri¬ 
ate  value  of  the  probability  of  false  measurement, 
a2 ,  a2  are  variances  of  the  errors  of  target  coordinate 

measurement  in  the  area  of  supposed  target  location. 

To  improve  the  accuracy  of  target  coordinate  mea¬ 
surement,  the  algorithm  of  inter-observe  identification 
is  used.  This  algorithm  combines  the  ideas  of  inter¬ 
period  integration  widely  used  in  pulse  radars  and 
algorithm  of  gating  target  blips  usually  used  at  the 
stage  of  secondary  processing. 

Fig.  2  illustrates  the  matter  of  inter-observe  identi¬ 
fication  algorithm.  The  vector  delay  line  organized  as 
a  table  is  shown.  Each  cell  of  the  table  contains  two 
values:  scalar  attribute  of  target  blip  presence  and 

vector  f  =  (x..,y.^  .  The  number  of  strings  in  the 

table,  N  ,  corresponds  to  the  maximally  blips  per  one 

observation.  The  number  of  columns,  N2 ,  corres¬ 
ponds  to  the  number  of  analyzed  observations. 

Each  Column  of  the  table  contains  blips  and  mea¬ 
surements  had  been  identified  in  the  corresponding  ob- 
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servation.  During  the  next  observation,  shift  of  the  delay 
line  is  performed,  new  measurement  is  written  into  the 
first  column,  and  algorithm  of  sorting  is  applied  to  new 
data.  If  new  measurement  arises  inside  of  the  gate 
formed  using  averaged  data  in  i-th  string,  new  measure¬ 
ment  is  replaced  into  corresponding  string.  As  a  result, 
every  string  contains  measurements  corresponding  to  the 
same  target.  In  Fig.  2  data  associated  with  the  same  tar¬ 
get  are  shown  by  the  same  form  inside  of  the  cells. 

When  the  quantity  of  target  blips  and  correspond¬ 
ing  measurements  in  any  string  exceeds  the  threshold, 
decision  about  target  detection  is  accepted.  The  aver¬ 
aged  via  the  whole  string  measurement  is  accepted  as 
eventual  estimation  of  target  coordinate  vector. 

The  size  of  the  gate  used  for  the  sorting  of  measure¬ 
ments  is  defined  by  the  a-priory  data  concerning  target 
size.  Also,  two-level  gating  approach  is  possible.  First 
time,  fixed  gate  is  used.  Its  size  is  defined  be  the  target 
size.  Then,  adaptive  gate,  defined  by  information  about 
target  coordinate  measurement  accuracy,  is  applied. 

3.  Results  of  Mathematical 
Modeling 

The  performance  of  proposed  target  coordinate  mea¬ 
surement  algorithms  had  been  explored  using  mathe¬ 
matical  modeling.  To  estimate  the  probability  of 
correct  identification,  1000  independent  experiments 
with  a  model  had  been  made.  Target  blip  and  corres¬ 
ponding  coordinate  measurement  were  accepted  to  be 
correctly  identified  only  in  the  case,  when  distance 
between  this  blip  and  exact  target  position  did  not 
exceed  the  size  of  ambiguity  area.  The  size  of  ambi¬ 
guity  area  is  defined  by  coordinate  measurement  accu¬ 
racy.  This  accuracy  had  been  calculated  beforehand 
for  each  area  inside  of  the  radar  cover. 

The  graphs  of  dependence  of  correct  target  identi¬ 
fication  probability,  P(orr  ?j  upon  the  root  mean  square 

errors  of  range  measurement,  ar ,  are  shown  in  Fig. 3. 

In  Fig.  3  curves  1  correspond  to  the  situation  when 
only  one  target  is  placed  inside  of  the  room.  Curves  2 
correspond  to  the  case  of  three  targets.  Solid  lines  and 
dashed  lines  are  for  the  case  when  array  pitch 
d  —  1  m,  dotted  and  dashed-dotted  lines  are  for  the 
case  when  d  —  3  m.  The  estimation  of  the  correct 
identification  probability  had  been  obtained  as  a  ratio 
of  the  blips  inside  of  the  area  of  exact  target  place¬ 
ment,  to  the  general  quantity  of  the  targets  inside  of 
the  radar  cover. 

It  is  clear  from  the  analysis  of  graphs  in  Fig. 3,  that 
the  probability  of  correct  target  identification  raises 
with  increasing  of  distance  between  the  sensors. 

4.  Conclusion 

The  analysis  of  considered  algorithms  shows  that  the 
use  of  mentioned  algorithms  of  measurement  identifi¬ 
cation,  excluding  of  false  measurement  and  inter- 
observe  identification  provide  correct  target  coordi¬ 
nate  estimation  with  the  probability  close  to  unit.  The 


Fig.  2.  Algorithm  of  inter-observe  identification. 


Pcor 


Fig.  3.  Probability  of  correct  target  identification. 


same  time,  the  accuracy  of  coordinate  measurement  is 
appropriate  when  rms  errors  of  range  measurements 
do  not  exceed  the  values  of  about  0.3  m.  The  size  of 
the  monitored  room  is  about  10x10  m. 
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Abstract 

Algorithms  of  digital  signal  processing  are  widely  used  in  modem  ultra-wide  band 
(UWB)  radars  to  solve  problems  of  target  detection  and  coordinate  measurement.  The 
paper  deals  with  general  algorithms  of  signal  processing  in  ultra-wide  band  short- 
pulse  radar  with  antenna  array.  The  radar  is  developed  for  the  monitoring  of  moving 
objects  placed  behind  of  radio-transparent  barriers.  The  results  of  mathematical  mod¬ 
eling  are  presented. 

Keywords:  Ultra-wide  band  short-pulse  radar,  antenna  array,  digital  signal 

processing,  beam  forming,  target  detection,  coordinate  measurement. 


1.  Introduction 

Algorithms  of  digital  signal  processing  are  widely  used  in 
modem  ultra-wide  band  (UWB)  radars  to  solve  problems 
of  target  detection  and  coordinate  measurement  [1].  The 
stroboscopic  transformation  is  used  for  registration  of 
UWB  signals.  Using  a  sequence  of  time-shifted  probing 
signals,  an  array  of  samples  could  be  obtained.  Every  ele¬ 
ment  of  this  array  is  defined  by  the  value  of  UWB  signal 
reflected  from  corresponding  range  resolution  element. 

In  UWB  radar,  an  antenna  array  could  be  used  to 
measure  the  angle  coordinate  of  moving  object.  The 
use  of  UWB  short-pulse  signals  in  radars  with  antenna 
array  has  several  specific  features  concerning  the  signal 
processing  algorithms.  The  paper  deals  with  the  analy¬ 
sis  of  these  features.  General  algorithms  of  signal 
processing  in  ultra-wide  band  short-pulse  radar  devel¬ 
oped  for  the  monitoring  of  moving  objects  placed  be¬ 
hind  of  radio-transparent  barrier  are  considered.  The 
results  of  mathematical  modeling  are  presented. 

2.  Algorithm  of  Space-Time  Signal 
Processing 

In  accordance  with  recommendations  of  international 
standards,  a  waveform  with  carrier  fQ  =  6  GHz  and  du¬ 
ration  Tch  =  200  ps  of  the  level  of  half  amplitude  should 

be  used  in  radar  of  considered  type.  The  bandwidth  of  the 
signal  is  about  5  GHz.  The  mathematical  model  of  such  a 
signal  could  be  approximately  described  as  following: 

«*r  fr)  =  expj— a (i  —  / 2)2} x  (1) 

x  cos  ^2irb  (f  —  Tch  /  2)  +  0O  ] 


where  a  and  b  are  signal  parameters  defining  its 
bandwidth  and  carrier,  ip  is  random  phase. 

The  reflecting  properties  of  the  target  could  be  de¬ 
scribed  with  a  set  of  flash  points.  Thus,  we  will  consider 
the  model  of  space-distributed  target  as  a  linear  discrete 
filter  with  a  pulse  response  describe  by  the  following: 

Kt)  =  U  4U”  s '(*  ~0>  (2) 

n= 0 

where  N  is  the  number  of  target  flash  points,  An  and 
(pn  present  amplitude  and  phase  of  reflection  coeffi- 

2  r 

cient  of  n- th  flash  point,  t  =  — —  ,  r  is  range  of  n- th 

c 

flash  point,  6{x)  is  delta-function. 

Taking  into  account  the  accepted  models  of  prob¬ 
ing  signal  and  distributed  target,  the  reflected  signal 
stg(t)  could  be  written  as  following: 

Stg(t)  =  sti(t )  ®  h(t)  =  yj  Ane^sti(t  -  tn).  (3) 

n= 0 

The  graph  of  probing  signal  is  shown  in  Fig.  fra,  while 
Fig.  frb  shows  a  signal  reflected  from  a  multi-point  target. 
Both  signals  are  presented  in  discrete  time,  n. 

In  general  case,  the  optimal  processing  of  UWB  sig¬ 
nal  reflected  from  the  space-distributed  target  should  be 
considered  in  terms  of  detection  of  stochastic  signal 
with  unknown  waveform,  delay  and  amplitude  [2-4]. 
However,  as  results  of  experimental  investigations 
show,  the  target  usually  has  one  dominant  flash  point. 
In  this  case,  we  can  ignore  the  varying  of  the  waveform 
and  use  a  classic  matched  filtering  of  the  signal  with 
unknown  phase  and  amplitude. 
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The  functional  diagram  of  space-time  processing 
based  on  UWB  antenna  array  is  shown  in  Fig.  2. 

In  Fig.  2  Re*  is  receiving  part  of  z-th  element  of  an¬ 
tenna  array,  ADC*  is  analog  to  digital  converter,  MF* 
is  complex  matched  filter,  SF *  is  space  filter,  TH  is 
threshold  unit. 

In  linear  approximation  of  wave  front,  target  re¬ 
turned  signals  in  receiving  channels  of  adjacent  array 
elements  are  mutually  delayed  with  time  interval 
At  =  d since ,  where  d  is  distance  between  the  array 
elements  (array  pitch),  a  is  angle  of  arrival  of  the 
target  returned  signal  in  respect  to  the  normal  of  the 
array.  The  optimal  space  processing  consists  of  cohe¬ 
rent  integration  of  the  signals  received  by  different 
array  elements.  For  this  purpose,  a  set  of  space  filters 
is  used.  Every  filter  consists  of  delay  line  and  summa¬ 
tion  unit  with  weighting  coefficients.  To  provide 
forming  of  beam  in  required  direction,  the  optimal  set 
of  delays  and  weighting  coefficients  is  calculated. 

The  threshold  units  provide  detection  of  target  re¬ 
turns.  The  adaptive  threshold  is  calculated  with  a  cor¬ 
responding  unit  to  provide  false  alarm  rate  stabilization. 


3.  Directional  Properties  of  UWB 
Antenna  Array 


In  general  case,  the  radiation  pattern  of  UWB  antenna 
should  be  obtained  for  a  set  of  different  frequencies  in¬ 
side  of  the  band  of  waveform  in  use.  But  we  would  like 
to  estimate  the  integrated  directivity  characteristic,  which 
could  be  used  in  the  whole  probing  signal  band.  To  solve 
the  mentioned  problem,  let  us  consider  two-dimensional 
space-time  pulse  response  defined  by  the  following: 


t  —  i 


.  d  sin  a 


(4) 


where  S  (t)  is  UWB  signal  reflected  from  one-point 

target  and  received  in  the  channel  of  z-th  element  of 
the  array.  This  signal  is  described  with  a  model  (1). 

Two-dimensional  space-time  pulse  characteristic  of 
UWB  array  which  consists  of  N  =  4  elements  is 
shown  in  Fig.  3, a. 

For  the  convenience  of  the  analysis,  it  is  worth¬ 
while  to  use  one-dimensional  (plane)  function  which 
defines  the  dependence  of  array  gain  upon  the  direc¬ 
tion  to  the  one-point  target.  To  obtain  this  function, 
we  should  find  the  maximal  value  of  signal  (4)  in  time 
dimension  for  every  value  of  azimuth.  We  will  dedi¬ 
cate  this  function  as  <F1  (a) .  Curves  1 ,  2  and  3  in 

Fig.  3,b  are  correspondingly  directivity  characteristics 
of  antenna  array  consisting  of  omni-directional  ele¬ 
ments,  directivity  characteristic  of  single  array  ele¬ 
ment  and  multiplication  of  these  two  functions. 

Fig.  4  illustrates  the  mutual  location  of  azimuth 
beams  when  array  pitch  d  =  A  /  2  =  0, 075  m.  Curve 
1  shows  the  central  beam,  curve  2  corresponds  to  the 
first  side  beam,  curve  3  is  for  7-th  beam.  With  the 
parameters  of  array  under  consideration,  the  beams 


StrU) 


Fig.  1.  Probing  and  reflected  signals. 


Rei  WaDCjW  MFi 


>*l  Re2  UL\DC2W  MF; 


H  Re*  WADQH  MF* 


H  ReA-  MADCjvWMF* 


SFi 


|  Measurement 
of  range  and 
azimuth 


Adaptive 

Treshold 


Fig.  2.  Functional  Diagram  of  STP. 
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Fig.  3.  Two-dimensional  space-time  pulse  response 
of  the  array  and  azimuth  beams 


numerated  from  1  to  7  cover  the  azimuth  sector  from 
zero  to  about  55  deg.  The  adjacent  beams  overlap  on 
the  level  of  about  0.4. 

One  of  the  major  problems  to  be  solved  providing 
detection  and  unambiguous  coordinate  measurement 
of  the  target,  is  arising  of  false  target  blips  caused  by 
target  detection  by  side  lobes  of  antenna  array  beams. 
High  level  of  side  lobes  is  caused  by  small  quantity  of 
antenna  array  elements  N  ( N  =  4 ). 

To  exclude  these  false  blips,  maximum  selection  in 
an  appropriate  range  area  could  be  used.  The  size  of 
this  area  corresponds  to  duration  of  UWB  signal. 


4.  Algorithms  of  Coordinate 
Measurement 

The  result  of  space-time  signal  processing  is  presented 
as  a  two-dimensional  array  of  samples  in  dimensions  of 
range  and  azimuth.  This  array  contains  maximums  cor- 
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responding  to  the  placement  of  targets.  The  graph  of 
mentioned  two-dimensional  array  is  shown  in  Fig.  5. 

Assume,  that  the  maximum  takes  place  in  space  fil¬ 
ter  with  the  number  of  n  .It  is  not  difficult  to 

sp,max 

show  that  in  this  case  the  estimation  of  target  azimuth 
could  be  obtained  as  the  following: 


a  =  arcsin 


0.15  [a  /  2  —  n  W 

SC  '  sp, max  CH 


(5) 


where  Nsc  is  the  number  of  space  filters,  NCH  is 

number  of  samples  per  pulse. 

Then,  we  obtain  estimations  of  target  Cartesian 
coordinates: 


y 


iVo 

NR 

n  max 

A 


(6) 


where  NR  is  the  number  of  range  cell  corresponding 
to  the  maximum. 

The  work  of  considered  algorithm  had  been  investi¬ 
gated  by  the  mathematical  modeling.  Fig.  6  shows  the 
dependence  of  root  mean  square  errors  of  target  coordi¬ 
nate  estimation  upon  the  target  placement  inside  of  the 
room.  When  modeling,  the  following  system  parameters 
were  accepted:  wavelength  A  =  0.15  m,  duration  of  the 

probing  pulse  signal  T(,H  =0.2  ns,  array  pitch 
d  =  0.5A  ,  the  number  of  array  elements  N  =  4  ,  the 
number  of  samples  per  one  pulse  NCH  =  16  . 

When  target  range  is  small,  the  spherical  form  of 
the  wave  front  leads  to  the  rising  of  errors.  The  central 
part  of  the  room  is  optimal  area  from  point  of  view  of 
the  coordinate  measurement  accuracy.  Further  in¬ 
creasing  of  target  range  is  followed  by  the  increasing 
of  coordinate  measurement  errors.  This  is  caused  by 
the  increasing  of  angular  resolution  distance. 


5.  Conclusion 

The  proposed  algorithms  of  signal  processing  in 
UWB  radar  with  antenna  array  in  the  most  cases  pro¬ 
vide  correct  indication  of  moving  objects.  The  indi¬ 
cated  placement  of  targets  (human)  differs  from  the 
exact  placement  less  then  with  0.5  m.  The  same  time, 
required  resolution  in  range  and  azimuth  is  provided. 
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Abstract 

An  automatic  search  algorithm  for  local  objects  in  GPR  profile  has  been  consi¬ 
dered  in  the  work.  The  algorithm  is  based  on  the  Hough  transform.  The  proper  soft¬ 
ware  tool  has  been  developed  in  order  to  analyze  the  accuracy  of  the  permittivity  of 
ground  as  well  as  coordinates  of  the  local  object  in  a  GPR  profile.  The  algorithm  effi¬ 
ciency  with  simulated  data  has  been  shown.  The  influence  of  the  sampling-step  at 
sounding  on  the  algorithm  accuracy  has  been  considered. 

Keywords:  Ground  penetrating  radar  (GPR),  dielectric  permittivity,  Hough  transform, 
collecting  element,  defocusing. 


1.  Introduction 

A  lot  of  algorithms  and  methods  of  data  processing 
for  ground  penetrating  radar  (GPR)  have  been  devel¬ 
oped  at  present  time  [1,  2,  3,  4].  They  allow  improv¬ 
ing  the  signal-noise  ratio  and  present  the  results  of 
subsurface  survey  in  convenient  for  the  operator  form. 

The  automatic  search  algorithm  for  local  objects 
using  the  Hough  transform  is  of  great  attention  in  this 
article  [5]. 

The  Hough  transform  is  effective  for  searching  for 
and  identification  of  objects  which  can  be  defined  ana¬ 
lytically,  for  example:  straight  lines,  circles,  ellipses, 
hyperbolas,  etc.  in  monochrome  image.  A  monochrome 
image  is  the  image  consisting  of  points  of  two  types 
which  are  background  points  and  points  of  interest. 

In  the  considered  problem  the  Hough  transform  is 
aimed  for  searching  for  the  local  objects  being  dis¬ 
played  in  hyperbolic  form  in  GPR  profile. 

2.  Hough  Transform 

Let's  consider  the  Hough  transform  method  adapted  for 
searching  the  hyperbolic  curves.  The  equation  of  the 
hyperbola  which  is  the  image  of  local  objects  located  at 
points  with  coordinates  (xO,  yO),  has  the  form  [4]: 


where  x  and  y  -  are  coordinates  of  the  current  pro¬ 
file,  £  is  the  dielectric  constant  of  ground. 

Since  the  hyperbola  shape  is  uniquely  defined  by 
such  parameters  as  the  object  location  and  permittivity 
of  ground,  and  the  Hough  transform  allows  to  find 
hyperboles  just  with  a  given  set  of  parameters,  the 


problem  of  searching  for  a  local  object  in  profile  can 
be  solved  uniquely. 

When  searching  with  the  Hough  transform  the 
Hough  space  is  created  which  breaks  up  into  fixed- 
size  pixels  denoted  as  collecting  elements.  The  initial 
value  of  collecting  elements  in  the  Hough  space  is 
zero.  If  the  point  of  interest  of  the  analyzed  image 
after  the  Hough  transform  enters  in  a  collecting  ele¬ 
ment,  the  value  of  this  collecting  element  is  incre¬ 
mented  by  one.  After  the  data  processing  there  is  the 
field  of  collecting  elements  generates  in  the  Hough 
space.  Maximum  values  of  collecting  elements  indi¬ 
cate  coordinates  of  local  objects,  and  the  dielectric 
constants  at  which  the  largest  values  of  collecting 
elements  are  obtained,  correspond  to  the  dielectric 
permittivity  of  ground  in  detected  object  areas. 

A  detailed  description  of  the  process  of  searching 
for  hyperbolic  curves  using  the  Hough  transform  is 
presented  in  [5]. 

The  possibility  of  automatic  detection  of  the 
hyperbolic  response  by  local  objects  was  shown  in  the 
known  works  [5,  6].  However,  the  error  of  determina¬ 
tion  of  their  coordinates  and  the  permittivity  of 
ground  was  not  above  a  few  percents  even  for  a  geo¬ 
metrically  exact  hyperbolas  corresponding  to  the  ab¬ 
sence  of  such  interfering  factors  as  noise,  interference, 
availability  of  layered  and  other  inhomogeneities  in 
ground.  So,  the  problem  is  what  has  an  influence  on 
the  accuracy  of  objects  location  measurements. 

3.  Software 

The  software  tool  that  implements  the  automatic 
search  algorithm  based  on  the  Hough  transform  has 
been  developed  for  the  investigation. 

The  window  of  the  program  is  as  follows  (Fig.  1): 
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Fig.  1.  The  image  of  the  window. 

The  program  allows  simulating  the  hyperbola  (the 
image  of  the  local  object  in  profile).  For  simulating 
the  hyperbole  it  is  necessary  to  set-up  the  following 
parameters: 

•  the  dielectric  permittivity  of  medium; 

•  coordinates  of  vertices  of  the  hyperbola; 

•  the  number  of  points  of  interest  of  the  created 
hyperbole. 

In  order  to  find  the  local  object  in  the  GPR  image 
and  to  determine  the  depth  of  the  local  object  it  is 
necessary  to  know  the  following  parameters: 

•  the  length  of  the  sounding  route; 

•  the  observation  time  interval. 

The  program  determines  the  hyperbola  location, 
the  permittivity  of  medium  and  calculates  the  depth  of 
occurrence  of  the  local  object  in  automatic  mode. 

4.  Example  of  Automatic  Search 
for  the  Local  Object 

Let  the  coordinates  of  the  hyperbola  vertex  in  the  pro¬ 
file  are  (100,  50),  the  number  of  points  of  the  hyper¬ 
bola  (points  of  interest)  be  equal  to  100.  And  let  the 
permittivity  of  the  medium  be  equal  to  8.  As  a  result 
the  image  is  presented  in  Fig.  2. 

Then  the  automatic  search  algorithm  for  local  ob¬ 
jects  is  applied  to  the  simulated  profile.  During  the 
data  processing  the  medium  permittivity  is  determined 
and  the  Hough  parameter  space  with  collecting  ele¬ 
ments  is  created  (Fig.  3). 

Coordinates  of  the  collecting  element  of  the  maxi¬ 
mum  magnitude  correspond  to  the  hyperbola  vertices 
with  accuracy  of  the  size  of  collecting  elements  (Fig.  4). 

If  permittivities,  taken  for  simulation  and  calcu¬ 
lated  at  data  processing,  coincide,  then  after  searching 
the  value  of  the  collecting  element  at  a  point  with  ob¬ 
ject  coordinates  will  equal  to  the  number  of  points  of 
the  hyperbola,  given  at  hyperbola  simulation.  As  a 
result,  we  obtain  coordinates  of  the  hyperbola  vertices 
and  the  medium  permittivity.  They  correspond  to  val¬ 
ues  preassigned  at  hyperbola  simulation. 


Fig.  2.  Image  of  the  local  object. 


cm1 

Fig.  3.  Hough  parameter  spaces. 
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5.  Precision  Characteristics 

Using  the  developed  software  we  have  analyzed  the 
dependence  of  values  of  the  collecting  element  and 
the  positional  accuracy  of  the  hyperbola  vertex,  which 
corresponds  to  position  of  the  local  object,  on  values 
of  the  dielectric  permittivity  of  medium,  on  the  depth 
of  occurrence  of  the  object  and  on  the  sampling  step 
along  the  route. 

It  was  observed  that  at  shallow  depths  the  value  of  the 
collecting  element  decreases.  A  number  of  points  in  the 
hyperbole  do  not  get  into  the  collecting  element  located 
at  the  vertex  of  the  hyperbola,  but  get  into  the  collecting 
elements  in  the  vicinity  of  the  hyperbola  vertex.  There  is 
a  "defocusing"  of  the  collecting  element. 
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The  following  is  the  diagram  of  defocusing  of  the 
collecting  element  with  a  number  of  points  of  the 
original  hyperbola  equal  to  100,  for  different  values  of 
dielectric  permittivity  of  medium  and  the  depth  of 
occurrence  of  the  local  object  (Fig.  5). 

It  is  well  seen  in  Fig.  5  that  at  shallow  depths  (less 
then  10  cm)  from  40%  to  10%  of  points  of  the  hyper¬ 
bole  do  not  get  into  the  collecting  element  located  at 
the  vertex  of  the  hyperbola  while  at  depths  greater 
than  10  cm  all  points  of  interest  of  the  hyperbole  get 
into  correct  collecting  element  independently  of  val¬ 
ues  of  dielectric  constant  of  ground. 

Reduced  accuracy  of  calculation  of  coordinates  of 
the  hyperbola  vertex  at  low  depth  is  caused  by  dis¬ 
crete  representation  of  the  hyperbola  in  the  image. 
The  coordinates  of  the  hyperbola  in  the  simulation 
could  be  as  integer  as  real.  However,  points 
representing  the  hyperbola  in  the  profile  have  only 
integer  coordinates.  Therefore,  due  to  a  rounding  of 
real  numbers  we  obtain  the  displacement  of  points  of 
interest  belonging  to  a  hyperbola  along  the  axes  of 
coordinates.  As  a  result  some  of  points  in  the  Hough 
space  get  into  the  collecting  elements  located  in  the 
vicinity  of  the  proper  collecting  element. 

Improvement  of  accuracy  of  the  algorithm  could  be 
achieved  by  reducing  of  the  sampling  step.  The  small¬ 
er  the  sampling  interval,  the  more  precisely  could  be 
defined  parameters  of  the  hyperbola,  and  hence  the 
permittivity  of  the  ground  and  the  depth  of  the  local 
object.  But  with  decreasing  in  the  sampling  step  the 
processing  time  increases. 

The  developed  program  allows  to  analyze  the  accu¬ 
racy  of  the  search  algorithm  relative  to  any  necessary 
set  of  parameters  consisting  of  the  permittivity  of  the 
ground,  coordinates  of  a  local  object,  the  sampling 
step  at  measurement,  and  to  optimize  the  amount  of 
necessary  georadar  measurements  and  volume  of  ne¬ 
cessary  data  providing  the  desired  accuracy  of  mea¬ 
surement  of  the  object's  coordinates. 

Conclusions 

Thus,  the  software  tool  has  been  developed  to  investi¬ 
gate  the  accuracy  of  the  automatic  search  algorithm. 

The  accuracy  of  the  algorithm  has  been  analyzed  at 
different  values  of  the  permittivity  of  medium,  the  depth 
of  the  local  object  occurrence  and  sampling  steps. 

A  "defocusing"  of  the  collecting  element  has  been 
noted  at  the  vertex  of  the  hyperbola,  when  the  local  ob¬ 
ject  is  located  at  a  shallow  depth  (of  10  cm)  even  when 
permittivity  of  the  medium  is  known  correctly.  Solution 
of  this  problem  is  decreasing  of  the  sampling  step. 

The  developed  program  allows  optimizing  the 
process  GPR  measurements  by  a  preliminary  assess¬ 
ment  of  the  required  set  of  sounding  which  provides 
the  required  accuracy. 


Values  of  collecting  elements 


Fig.  5.  Values  of  collecting  elements. 

Sampling  step 


Fig.  6.  Sampling  step. 


References 

1.  Ballard  D.  H.  1981,  Generalizing  the  Hough 
Transform  to  Detect  Arbitrary  Shapes. 

2.  Heather  and  Yang  May  2005, Spatial  Decomposi¬ 
tion  of  The  Hough  Transform,  IEEE  computer 
Society. 

3.  Fitton  N.C.,  Cox  S.J.D.  1998,  Optimising  the 
application  of  the  Hough  Transform  for  automat¬ 
ic  feature  extraction  from  geoscientific  images. 
Computers  &  Geosciences ,  vol.  24,  N2  10, 
PP. 933-951 

4.  Zelenkov  A.,  Zelenkov  S.  2004,  The  Choice  of  the 
Migration  Method  for  Subsurface  Radiolocation 
Signals  Processing,  Electronics  and  Electrical  En¬ 
gineering.  Kaunas:  Technologija,  No.  3(52). 
PP.  41-46. 

5.  Golovko  M.M.  and  Pochanin  G.P.  2004,  ‘Applica¬ 
tion  of  the  Hough  transform  for  automatic  detec¬ 
tion  of  objects  in  georadar  profiles,’ 
Electromagnetic  waves  and  electronics  systems , 
vol.  9,  no.  9-10,  PP.  22-30. 

6.  Soldovieri  F.,  Persico  R.,  Golovko  M.M.,  Pocha¬ 
nin  G.P.  2009,  ‘Two  Strategies  for  the  Determina¬ 
tion  of  Soil  Permittivity  by  GPR  Data’,  The  suc- 
success  of  modern  electronics.  JVh5.  PP.  60-73. 


Ultrawideband  and  Ultrashort  Impulse  Signals,  6-10  September,  2010,  Sevastopol,  Ukraine 


155 


Ultrawideband  and  Ultrashort  Impulse  Signals,  6-10  September,  2010,  Sevastopol,  Ukraine 


pp.  156-158 


MULTIFREQUENCY  MICROWAVE  TOMOGRAPHY 
OF  ABSORBING  INHOMOGENEITIES 

1  Gaikovich  K.  P., 1  Gaikovich  P.  K., 2  Maksimovitch  Ye.  S., 2  Badeev  V.  A. 

1  Institute  for  Physics  of  Microstmctures  RAS, 

GSP-105,  Nizhniy  Novgorod,  Russia 
E-mail:  gai@ipm.sci-nnov.ru 

2  Institute  of  Applied  Physics  National  Academy  of  Sciences  of  Belams, 

Minsk,  Belams 

E-mail:  makhel@iaph.bas-net.by 


Abstract 

A  method  of  the  near-field  scanning  coherent  tomography  has  been  developed  for 
the  microwave  diagnostics  of  the  3D  subsurface  stmcture  of  the  complex  permittivi¬ 
ty.  This  method  uses  data  of  2D  scanning  over  lateral  co-ordinates  above  the  ground 
surface  with  the  dipole  emitter-receiver  system.  Multifrequency  measurements  pro¬ 
vide  the  depth  sensitivity.  The  regularization  algorithm  based  on  the  Tikhonov’s  me¬ 
thod  of  generalized  discrepancy  has  been  developed  for  Fredholm  integral  equations 
of  the  1-st  kind  with  complex- valued  functions  and  applied  for  the  solution  of  the 
corresponding  inverse  scattering  problem.  Results  are  presented  for  the  tomography 
of  3D  complex  permittivity  distribution  originated  by  the  melting  ice  sample  buried 
in  the  sand. 

Keywords:  Microwave  subsurface  sounding,  near-field  scanning  tomography,  inverse 
scattering  problem,  complex  permittivity. 


1.  Introduction 

Methods  of  active  and  passive  electromagnetic  sub¬ 
surface  sounding  are  widely  in  use  to  determine  the 
inner  structure  of  permittivity  or  temperature  distribu¬ 
tion  inside  various  media  [1].  Tomography  methods 
(retrieval  of  3D  structures)  lead  to  the  most  compli¬ 
cated  inverse  problems.  In  the  active  electromagnetic 
tomography,  the  3D  permittivity  distribution  of  sub¬ 
surface  inhomogeneities  should  be  obtained  by  mea¬ 
surements  of  the  scattered  field.  To  obtain  the 
necessary  data  set,  the  2D  transversal  distribution  of 
the  scattered  field  should  be  measured  by  the  2D 
scanning  along  the  media  interface  in  dependence  on 
a  third  (depth- sensitive)  parameter,  such  as  frequency. 
The  corresponding  inverse  scattering  problem  is  based 
on  the  solution  of  the  3D  nonlinear  integral  equation 
of  the  1-st  kind  with  the  6D  kernel  [2].  It  is  clear  that 
straightforward  methods  of  solution  lead  to  hard  re¬ 
strictions  on  achievable  resolution.  For  far-field  mea¬ 
surements  there  is  also  the  known  Rayleigh  limitation 
of  resolution. 

In  the  considered  here  method  of  coherent  micro- 
wave  near-field  tomography  of  the  subsurface  permit¬ 
tivity,  above-mentioned  difficulties  are  surmounted. 
We  use  here  the  general  approach  to  the  near- field 
scanning  tomography  [2]  and  its  application  to  the 
near- field  electromagnetic  scattering  [3-4]  based  on 
2D  lateral  plane  wave  decomposition  of  correspond¬ 


ing  Green  functions  that  reduces  the  initial  3D  integral 
equation  to  the  one-dimensional  Fredholm  integral 
equation  of  the  1st  kind  relative  to  the  depth  profile  of 
the  lateral  spectrum  of  permittivity.  This  approach 
overcomes  problems  of  the  solution  of  3D  integral 
equations  and  leads  to  a  high-performance  and  ma¬ 
thematically  consistent  algorithm  based  on  the  method 
of  generalized  discrepancy  [5]. 

First  experimental  results  of  this  method  of  tomo¬ 
graphy  has  been  presented  in  [6].  Measurements  of 
the  scattered  signal  for  an  ice  target  buried  in  the  sand 
have  been  carried  out  using  experimental  set-up  in¬ 
cluding  vector  network  analyzer  Agilent  E5071B,  two 
identical  bow-tie  antennas  in  bi-static  configuration, 
operating  in  the  frequency  range  of  1.7  to  7.0  GHz 
and  the  sandbox.  The  frequency  serves  here  as  the 
depth-  sensitivity  parameter.  In  order  to  form  the  ne¬ 
cessary  3D  data  set,  C-scan  has  to  be  obtained.  This  is 
achieved  by  collecting  a  series  of  A-scans  (801  points 
over  the  frequency  range)  on  a  horizontal  survey  lines 
(11x15  measuring  points  through  2  cm)  over  the 
sandbox  surface. 

The  theory  of  this  tomography  method,  developed 
in  [2-3],  involves  in  the  integral  equation  the  distribu¬ 
tion  of  the  complex  permittivity,  but,  in  the  beginning 
of  our  experiments,  algorithms  were  available  for  only 
real-value  integral  equations.  Because  of  this  reason, 
the  theory  has  been  modified  in  [6]  for  the  tomogra¬ 
phy  of  real-value  targets,  and  the  known  algorithm  of 
Tikhonov’s  method  of  generalized  discrepancy  has 
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been  applied  to  retrieve  the  3D  distribution  of  the  real 
part  of  permittivity. 

However,  permittivity  perturbations  related  to  the 
melting  ice  include  also  the  absorbing  range  related  to 
the  water  diffusion  around  the  target,  and  it  was  the 
reason  to  develop  necessary  algorithms  for  complex- 
value  integral  equations  and  to  use  them  in  analysis. 
These  algorithms  have  been  developed  in  [5]  and  stu¬ 
died  in  the  numerical  simulation  [7]  for  conditions  of 
this  experiment. 

2.  Theory 

Let  us  the  scattering  range  is  embedded  in  a  medium 
with  the  complex  permittivity  ,  so,  its  total  3D  dis¬ 
tribution  can  be  expressed  as  e(r)  =  sQ  +  ex  (r) .  The 

total  field  is  a  sum  of  the  unperturbed  field  of  the 
source  and  the  scattered  component 

E(x,  y,  uj)  =  Eq  (x,  y,  uj)  +  Ex  (x,  y,  uj) .  Variations  of  the 

received  signal  s  are  proportional  to  the  convolution 
of  the  instrument  function  F  of  the  receiver  and  the 

scattered  field  E  (x,  y,  uj) .  In  frameworks  of  the  Born 

approximation,  for  the  proposed  in  [3-4]  scheme  of 
measurements  with  the  fixed  the  source-receiver  vec¬ 
tor  8r  ,  when  the  structure  of  sounding  field  is  invari¬ 
able  relative  to  the  receiver  position,  it  is  possible  to 
express  the  transversal  spectrum  (2D  inverse  Fourier 
transform  over  x  and  y)  of  measured  signal  variations 
as: 

s(k  ,k  .uS)  =  F. (k  , k  ,u)E,.(k  ,uj)  = 

v  x J  y J  v  x J  y )  '  1 1 x  x J  y J  / 

=  f£ i(K’K’z')x 

zJ 

oo  oo 

xinu  F.(k  ,k,u)[  f  dK  x 

x  y  y J  J  x  y 

— oo  — oo 

x{  /  \j.(—k  —  tb  ,  — k  —  k  ,z"  —  z  —  6z)x 

L  I  '  x  x )  y  y J  ' 

zn 

+Kx,ky  +  Ky,z\z")}gyKx,Ky,z,z')dz"}dz', 

(1) 

where  g &  are  /r-space  components  of  the  Green  tensor 

above  and  below  the  air-ground  interface;  j  is  the 

source  current  distribution.  To  obtain  the  transversal 
spectrum  of  a  source,  the  surface  current  distribution 
on  antennas  has  been  calculated  using  CST  Micro- 
wave  Studio.  We  assume  that  the  receiver  has  the 
same  transfer  function  as  the  source 

(  F.  (kx ,  ky ,  uj)  ==  j.  (kx ,  ky ,  u)  ).  To  solve  the  Fredholm 

integral  equation  (1)  for  each  pair  of  spectral  compo¬ 
nents,  the  algorithm  based  on  the  generalized  discre¬ 
pancy  method  in  the  complex  Hilbert  space  W1  has 

been  worked  out  in  [6]  and  applied  here  to  solve  the 
tomography  problem  for  inhomogeneities  with  the 
complex- value  distribution  of  permittivity.  Finally, 
the  desired  3D  structure  of  permittivity  is  obtained  by 
the  2D  inverse  Fourier  transform: 


(x,  y,z)  =  JJ  £1  (kx  ,  Ky ,  zyv+,v  dKxdKy .  (2) 

The  depth  sensitivity  for  multifrequency  measure¬ 
ments  is  related  to  the  frequency  dependence  both  of 
the  medium  absorption  and  of  the  extinction  depth  of 
evanescent  components  of  the  probing  field.  For  the 
targets  in  the  near-field  zone  of  electrically-small  an¬ 
tennas,  it  is  possible  to  achieve  a  subwavelength  reso¬ 
lution  of  the  proposed  tomography. 

3.  Results  of  the  Microwave 
Tomography 

Applying  the  described  approach  for  the  experimental 
results  [5],  we  have  obtained  tomography  images  for 
the  studied  inhomogeneities  of  the  complex  permittiv¬ 
ity.  Multifrequency  measurements  based  on  the  2D 
lateral  scanning  of  the  complex  signal  s{x,y,f)  for 

six  chosen  frequencies:  1.7,  2.76,  3.82,  4.88,  5.94, 
7.0  GHz  have  been  used  in  analysis.  The  source- 
receiver  system  include  two  identical  bow-tie  trans¬ 
mitting  and  receiving  antennas  with  the  length  of  arms 
3.8  cm  and  the  width  of  5.4  cm,  placed  in  the  y- 
direction;  the  fixed  distance  between  centers  of  anten¬ 
nas  was  6x  =  7.5  cm.  They  were  scanning  together  in 
the  rectangle  x-y  area  above  the  range  of  the  subsur¬ 
face  ice  target  with  sizes  10^10x4  cm  that  has  been 
buried  in  the  sand  at  the  depth  z  =  —  9  cm. 


Fig.  1.  Measured  distributions  of  the  received  signal 
over  the  studied  region  at  two  frequencies. 
Left,  R es(x,y,f  =  2.76  GHz) ;  right, 

Re  s(x,  y,  f  =  7.0  GHz ) . 

In  Fig.  1  one  can  see  the  microwave  image  of  the 
buried  ice  target  at  two  frequencies  f  =2.76  GHz 

(wavelength  10.83  cm)  and  f2  =7.0  GHz  (4.3  cm). 

This  result  shows  the  sensitivity  of  measurements  to 
the  subsurface  inhomogeneous  region.  Also,  it  is 
possible  to  see  that  the  relative  level  of  measurement 
errors  was  high  enough  (about  0.2).  But  there  is  a  pos¬ 
sibility  to  reduce  errors,  involving  in  analysis  data, 
averaged  over  frequency  bands  around  reasonable 
chosen  frequencies  -  using  measurements  at  all  avail- 
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able  800  frequencies.  It  makes  possible  to  reduce  the 
level  of  random  errors  by  an  order. 

In  this  study,  results  of  2D  scanning  at  6  frequen¬ 
cies  have  been  used  to  solve  the  integral  equation  (1) 
relative  to  the  depth  profile  of  the  lateral  spectrum  of 
permittivity  perturbation  ex  (kx ,  ky ,  z)  for  each  pair  of 

spectral  components.  Then,  from  (2),  we  have  ob¬ 
tained  the  desired  3D  structure  (tomogram)  of  the 
complex  permittivity  £x(x,y,z)  of  the  studied  inho¬ 
mogeneity.  In  Fig.  2  the  vertical  section  of  the  re¬ 
trieved  3D  permittivity  (tomogram)  is  presented;  in 
Fig.  3  -  the  tomogram  in  the  horizontal  section  at  the 
depth  of  the  ice  target. 


Fig.  2.  Vertical  section  of  the  retrieved  3D  permit¬ 
tivity  (tomogram)  at  y  =  16  cm.  Left, 

Re  ex  (z,  z) ;  right,  Im  ex  (x,  z) . 


e 


10  20 


Fig.  3.  Horizontal  section  of  the  retrieved  3D  per¬ 
mittivity  (tomogram)  at  z  =  —  9  cm.  Left, 

Re  s1  (x,  y) ;  right,  Im  s1  (x,  y) . 

Results,  taking  into  account  a  high  enough  level  of 
errors,  are  in  a  reasonable  correspondence  with  the 
expected  distribution  of  the  real  and  imaginary  parts 
of  permittivity,  related  to  the  buried  melting  ice.  One 
can  see  regions  of  low  values  both  for  real  and  imagi¬ 
nary  parts  of  permittivity  approximately  at  the  posi¬ 
tion  of  the  ice  target.  There  are  also  regions  of 
enhanced  values  of  these  permittivity  parameters 
around  the  ice  location  that  could  be  expected  because 
the  influence  of  the  enhanced  water  content  related  to 
diffusion  of  water  because  of  melting. 


4.  Conclusion 

We  have  applied  a  new  method  of  near- field  multifre¬ 
quency  coherent  tomography  in  the  microwave  range 
to  retrieve  the  subsurface  3D  structure  of  complex 
permittivity.  Our  first  results  show  the  feasibility  of 
this  method  for  tomography  of  absorbing  inhomoge¬ 
neities.  Further  study  should  determine  possible  re¬ 
gions  of  this  tomography  application. 
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Abstract 

A  successful  case  for  UWB  technology  application  to  Vital  Signs  Monitoring  Sys¬ 
tems  created  by  authors  is  presented  in  this  paper.  Baby  Monitor  for  remote  contact¬ 
less  monitoring  of  respiratory  and  heart  rate  is  designed  both  for  consumer  and 
medical  infant  monitoring  applications. 

Unlike  conventional  sound-  and  video-based  baby  monitors,  which  do  not  provide 
any  useful  information  at  infant  sleep  time  (no  sounds  or  static  picture)  the  devices 
allow  permanent  parental  control  and  effectively  prevent  Sudden  Infant  Death  Syn¬ 
drome  (SIDS)  from  occurring.  SIDS  is  reported  to  be  leading  death  cause  of  healthy 
infants  after  one  month  age. 

Keywords:  Ultra-Wide  Band;  Medical  Radar;  Monitoring;  Newborn;  Respiration; 

Sleep  apnea  syndrome;  Sudden  infant  death  syndrome;  Infant  incubator. 


1.  Introduction 

This  article  considers  high  tech  UWB  solutions  for 
one  of  the  most  important  up-to-date  challenges  - 
opportune  diagnostics  of  obstructive  sleep  disorders 
also  known  as  sleep  apnea,  primarily  for  babies, 
which  often  cause  sudden  infant  death  syndrome 
(SIDS)  to  occur.  Sleep  apnea  is  a  sleep  disorder  cha¬ 
racterized  by  pauses  in  breathing  during  sleep.  The 
standard  definition  of  any  apneic  event  includes  a 
minimum  10  second  interval  between  breaths. 

Babies  often  display  violation  of  their  respiratory 
rhythm,  which  can  be  irregular,  shallow,  fast  or  slow, 
even  respiratory  arrest  may  happen. 

If  apnea  is  suspected  or  diagnosed,  parents  or  med¬ 
ical  personnel  may  install  a  baby  monitor  until  the 
condition  is  outgrown.  However  not  every  baby  moni¬ 
tor  is  able  to  detect  apnea.  The  choice  must  be  done  in 
favor  of  devices  capable  to  perform  continuous  vital 
signs  monitoring  including  motion  activity,  respira¬ 
tion  and  heart-beating  and  give  timely  alarm  in  case  of 
abnormal  condition  occurs. 

2.  Baby  Monitoring 

The  importance  of  constant  control  over  infant’s  ac¬ 
tivity,  especially  during  sleeptime  is  hard  to  over¬ 
estimate. 

At  present  a  typical  baby  monitor  is  a  radio  system 
used  to  remotely  hear  (and  optionally  watch)  the  in¬ 
fant.  The  transmitter  is  placed  near  to  the  child  and  the 


receiver  is  placed  near  to  the  person  caring  for  the 
infant. 

However  conventional  baby  monitors  are  not  able 
to  detect  sleep  apnea  and  prevent  SIDS.  This  is  caused 
by  nature  of  the  systems,  which  react  on  sound  mean¬ 
ing  that  the  baby  is  alive  or  display  image  of  sleeping 
baby  with  no  confirmation  whether  it  breathes  or  not. 
Thus  many  doctors  believe  conventional  baby  moni¬ 
tors  provide  a  false  sense  of  security. 

There  are  several  solutions  though  aiming  SIDS 
prevention  by  looking  at  infant’s  respiration. 

•  Placing  piezo-sensor  pad  below  cot  mattress 
which  detects  even  the  slightest  movements.  Such 
systems  are  limited  to  the  sensor  pad  area  and 
heavy  for  transportation  for  away  use.  Moreover, 
the  sensor  pad  requires  prevention  maintenance 
activities  in  order  to  avoid  high  humidity  level  at 
the  sensor  location. 

•  Motion  sensor  located  in  flexible  rubber  tip  which 
is  attached  the  diaper.  The  sensor  detects  even  the 
slightest  movements.  Drawback  of  such  systems  is 
that  the  sensor  tip  must  always  be  in  contact  with 
the  skin  which  may  disturb  and  irritate  the  baby. 

•  Radar  solutions  prove  to  be  contactless  as  well  as 
sensitive  enough  while  due  to  their  RF  nature  they 
are  dependent  on  reflected  signal  quality  and  sig¬ 
nal  to  noise  ratio.  Next  chapter  will  be  focused  on 
UWB  radars  which  we  find  optimal  to  become  the 
basis  for  next  generation  baby  monitors. 
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3.  UWB  Baby  Monitors 

3.1.  NanoPulse  Baby  SleepGuard 

NanoPulse  Baby  SleepGuard  (BSG)  shown  on  Fig.  1 
is  a  composite  device  which  enables  contactless  moni¬ 
toring  of  newborns.  Unlike  conventional  sound  and 
video  based  baby  monitors,  which  react  on  natural 
activity  of  the  infants  and  do  not  provide  any  useful 
information  at  their  sleep  time  BSG  constantly  looks 
over  the  babies  and  controls  their  respiration  and 
heart-beating  rates  as  well  as  general  body  motion 
while  they  are  asleep.  BSG  is  also  equipped  with  tem¬ 
perature  sensor  and  microphone. 

The  device  informs  supervisor  about  baby's  condi¬ 
tion  and  alarms  when  it  observes  dangerous  abnormal 
parameter  value  preventing  from  SIDS  occurring. 

BSG  consists  of  the  sensor  unit  (SU)  and  the  parent 
unit  (PU). 


Parent  unit 


Fig.  1.  NanoPulse  Baby  SleepGuard. 

Essence  of  the  device  is  its  original  SU  construc¬ 
tion  which  contains  UWB  radar  with  two  independent 
spaced  receiving  channels  with  internal  coherence 
relative  to  sounding  short  impulse  radio  signal  which 
enables  achieving  improved  reliability  in  human  body 
motion  registration.  Reliability  is  improved  due  to  the 
following  factors: 

•  low  probability  of  reflected  signal  phases  fitting 
the  low  sensitivity  area  of  phase  detectors  simulta¬ 
neously  for  both  channels; 

•  significant  decrease  of  probability  for  simultane¬ 
ous  dramatic  drop  of  reflected  signal  level  in  both 
channels  (because  of  interference). 

The  device  detects  the  following  baby's  conditions: 

•  Sleep  -  the  baby  sleeps  with  no  motion,  the  device 
counts  its  respiration  frequency  and,  in  favorable 
conditions,  pulse  rate.  Case  of  any  slight  move¬ 
ments  supervisor  will  be  informed  by  a  message. 

•  Awake  -  the  condition  is  characterized  by  long 
term  movements  of  high  amplitude. 

•  Alarm  -  respiratory  arrest  is  detected  or  respira¬ 
tion  frequency  is  abnormally  low. 

SU  comes  along  with  digital  signal  processing  module 
and  performs  the  following  functions:  measuring  vital 
sign  parameter  values  of  the  baby;  transmitting  meas¬ 
ured  values  to  the  PU;  continuous  recording  measured 
values  into  built-in  or  attached  nonvolatile  memory. 


PU  performs  the  following  functions:  signaling  about 
measured  vital  sign  values  with  display,  buzzer  and 
vibrator;  setting  up  SU  and  PU  parameters  via  a  user 
menu;  running  continuous  self-check  on  both  SU  and 
PU  operation  (battery  charge  level,  radio  link  quality). 

Data  communication  between  SU  and  PU  is  im¬ 
plemented  via  digital  radio  protocol  in  ISM  frequency 
band. 

3.2.  NanoPulse  Infant  Incubator 
Monitor 

Infant  Incubator  Monitor  is  designed  for  continuous 
contactless  monitoring  of  premature  or  ill  baby's  vital 
signs  such  as  motion,  respiration  and  heart-beating 
when  the  baby  is  placed  in  infant  incubator.  The  de¬ 
vice  is  also  capable  to  check  environmental  parame¬ 
ters  such  as  temperature,  humidity,  atmosphere 
conditions  in  the  incubator. 

Presently  probes  must  be  attached  to  the  baby  in 
order  to  perform  described  above  monitoring.  Such 
actions  can  hurt  the  baby.  NanoPulse  Infant  Incubator 
Monitor  is  contactless  and  trauma- free.  The  device 
informs  supervisor  about  baby's  condition  and  alarms 
when  it  observes  dangerous  abnormal  parameter  value 
preventing  SIDS. 

There  are  two  variants  of  the  device  implementa¬ 
tion:  autonomous  device  and  embedded  OEM  mod¬ 
ule.  First  one  has  its  own  primary  and  backup  power 
unit,  LCD  indicator,  control  module  and  alarm  sys¬ 
tem.  The  device  is  implemented  as  a  monoblock  and 
is  mounted  on  the  top  cover  of  the  incubator.  OEM- 
version  has  to  be  integrated  in  power,  control  and  in¬ 
dication  systems  of  the  whole  incubator.  The  device 
can  be  mounted  inside  the  incubator  body. 

4.  Testing  NanoPulse  UWB  Solutions 

4. 1 .  Laboratory  Tests 

The  baby  is  simulated  by  an  oscillating  subwoofer 
controlled  by  a  PC  via  DAC. 

Test  strategy  starts  from  testing  reaction  on  single 
frequency  oscillations  simulating  typical  infant’s  res¬ 
piration  frequencies  which  lay  between  30  and  60 
breathes  per  minute.  Next,  respiration  frequency  is 
modulated  by  heart  beats  having  1/10  of  the  respira¬ 
tion  amplitude  and  frequency  between  80  and  210 
oscillations  per  minute.  Finally,  the  test  program  si¬ 
mulates  apnea  conditions  alternated  with  fast  and  slow 
respiration  frequencies,  sometimes  interfered  by  mo¬ 
tion  (a  simple  handshake  of  the  test  engineer). 

Generally,  test  results  show  high  reliability  of  the 
device  and  reaction  on  dangerous  infant’s  states  no 
later  than  20  seconds  after  the  event  occurs.  In  all 
“good”  cases  baby  monitor  behaves  silently  as  ex¬ 
pected. 

4.2.  Real  Life  Tests 

There  is  a  challenge  for  getting  official  permission  for 
running  clinical  tests  which  requires  passing  SSP 
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(State  Standard  Specification)  certification.  Therefore 
we  rely  on  volunteering  parents  at  present,  not  involv¬ 
ing  medical  labs. 

After  getting  permission  from  a  spouse  couple  for 
running  the  tests  on  their  baby  we  executed  a  series  of 
hours-long  sleep  tests  on  6  months-old  girl  placing  SU 
at  50-70  cm  above  the  cot.  Data  was  recorded  and 
transferred  on  PC  for  further  analysis  with  UltraScope 
application  software.  The  results  show  themselves  to 
be  very  interesting: 

•  86%  of  the  time  respiration  was  clearly  seen  in 
20-40  breaths  per  minute  range,  14%  of  the  time 
respiration  was  masked  by  motion. 

•  83%  of  the  time  heart-beating  was  clearly  seen  in 
90-120  beats  per  minute  range,  17%  of  the  time 
heart-beating  was  masked  by  motion. 

•  There  are  many  breath-holding  incidents  even 
though  the  baby  is  considered  healthy.  Most  of  the 
pauses  have  their  length  ~3-5  seconds,  however 
there  are  several  events  which  can  be  classified  as 
sleep  apnea  when  pause  between  two  sequential 
breathes  exceeds  10  seconds. 

Baby’s  respiration  and  heart-beating  charts  for  normal 
and  apnea  respiration  and  pulse  rates  are  shown  on 
Fig.  2  and  Fig.  3  respectively.  For  the  second  graph 
the  pause  between  two  sequential  breathes  reaches  1 1 
seconds. 


Fig.  2.  Incoming  signals,  infant’s  respiration  and 
heart-beating  charts  -  normal  condition. 


Fig.  3.  Incoming  signals,  infant’s  respiration  and 
heart-beating  charts  -  sleep  apnea  condition. 


Obviously  the  amount  of  tests  in  real  conditions  is 
very  limited  as  of  today  and  we  do  not  have  valid  sta¬ 
tistical  data  for  making  final  conclusion  about  proper 
devices  operation.  Nevertheless  we  still  consider  Na- 
noPulse  UWB  solutions  for  baby  monitoring  and 
SIDS  prevention  have  significant  potential  which  is 
100%  proven  by  the  tests  conducted  so  far. 

5.  Conclusions 

Described  NanoPulse  Baby  SleepGuard  and  Infant 
Incubator  Monitor  UWB  solutions  improve  quality  of 
service  and  awareness  of  the  patients  at  homes,  in 
hospitals  and  medical  centers  especially  in  terms  of 
opportune  apnea  detection  and  SIDS  prevention. 
However,  in  order  to  see  these  UWB  solutions  in  the 
market  more  tests  and  clinical  trials  must  be  con¬ 
ducted  and  completed  in  real  environment  for  making 
highly  reliable  and  safe  end  user  products. 
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Appendix  A  -  NanoPulse  UWB  Baby 
Monitor  Technical  Parameters 

•  Center  frequency:  7  GHz. 

•  Signal  bandwidth  (-10dB):  510  MHz. 

•  Pulse  duration  (half-height):  2.5  ns. 

•  Pulse  power:  1  mW. 

•  Average  radiated  power:  10  uW. 

•  Operational  range:  20-80  cm. 

•  Antennas  beam  width:  60°. 

•  Max.  power  flux  density:  0.01uW/cm2. 

•  Minimal  respiration  rate:  5  ppm. 

•  Maximal  heart  rate:  300  ppm. 

•  SU  Battery  life:  1  day  continuously. 

•  PU  Battery  life:  2-4  weeks. 

•  SU-PU  link  distance:  30m  indoor. 
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Abstract 

The  variants  of  constmcting  promising  ultra-wideband  wireless  communications 
systems  based  on  the  new  standard.  This  standard  specifies  an  ultra  wideband  (UWB) 
physical  layer  for  a  wireless  personal  area  network  (PAN),  utilizing  the  unlicensed 
3100  -  10600  MHz  frequency  band,  supporting  data  rates  of  53.3,  80,  106.7,  160, 
200,  320,  400,  480,  640,  800,  960  and  1024  Mb/s. 

This  standard  specifies  a  Multi  Band  Orthogonal  Frequency  Division  Modulation 
(MBOFDM)  scheme  to  transmit  information.  A  total  of  110  sub-carriers  (100  data 
carriers  and  10  guard  carriers)  are  used  per  band  to  transmit  the  information.  Fre¬ 
quency-domain  spreading,  time-domain  spreading,  modulation  and  forward  error  cor¬ 
rection  (FEC)  coding  are  used  to  vary  the  data  rates. 

Keywords:  Ultra-wideband  wireless  communications  systems,  Multi  Band 
Orthogonal  Frequency  Division  Modulation. 


1.  Introduction 

Intensive  development  of  information  society  requires 
the  development  and  introduction  of  newer  informa¬ 
tion  and  communication  technologies,  deeper  exploi¬ 
tation  of  the  network,  natural  and  physical  resources, 
more  productive  information  processing  sys¬ 
tems.  Besides,  our  society  is  on  the  verge  of  avalanche 
increase  of  the  number  of  consumers  and  producers  of 
information,  acting  under  the  brand  name  "smart 
home".  The  variety  of  technologies  of  information 
exchange:  Wired  Ethernet  (100  Mbps,  100Base-T), 
PNA,  PLC,  fiber-optic  (100Base-FX,  lOOOBase-LX, 
lOOOBase-SX),  wireless  (Bluetooth,  WiFi,  WiMAX), 
cellular  (  G2-G5),  as  well  as  all  network  technologies 
on  the  one  hand  pointing  to  the  need  to  provide  coop¬ 
eration  of  their  work,  and  on  the  other  hand  requires 
use  of  a  variety  of  terminal  equipment. 

EMC  limitations  and  biological  safety  of  users 
overlap  the  problems  of  increased  demand  in  quantity 
and  quality  of  information.  However,  lack  of  frequen¬ 
cy  bands,  their  workload,  the  mutual  influence  require 
new  system  solutions.  Under  these  conditions,  an  in¬ 
crease  of  the  number  of  technologies  and  equipment 
are  unlikely  to  meet  the  needs  of  the  coming  growth 
in  traffic. 

There  is  a  need  to  focus  on  those  technologies  that 
meet  the  maximum  requirements  with  guaranteed 
quality.  In  our  view,  the  core  problem  of  present  time 
and  future  is  the  problem  of  providing  services  at  the 
level  of  access.  It  is  that  level,  which  is  the  most  cost¬ 


ly,  most  multitechnological  and  here  it  is  necessary  to 
provide  maximum  convenience  for  the  user  to  simpli¬ 
fy  access  with  a  single  module,  reliability,  biological 
safety  and  high  quality  transmission  of  content. 

2.  Proposals  for  the  Construction  of 
Access  Networks 

The  multiple  nature  of  access  networks,  especially 
those  located  in  high-rise  buildings,  EMC  and  biolog¬ 
ical  safety,  the  ability  to  integrate  different  technolo¬ 
gies  are  the  basic  requirements  to  which  this  network 
must  satisfy  in  each  premises  of  a  subscriber.  Ob¬ 
viously,  the  network  subscriber  and  the  information 
system  of  "smart  home"  must  be  integrated  and  pro¬ 
vide  a  unified  structure.  The  concept  of  "smart  home" 
provides  the  organization  of  interaction  of  all  ele¬ 
ments  on  a  single  management  interface.  It  is  neces¬ 
sary  to  ensure  the  exchange  of  information  in  the 
subscriber  network  (CPN)  and  the  Internet.  The  main 
pressure  on  the  exchange  of  information  should  be 
provided  by  wireless  technologies.  As  the  advantages 
of  these  technologies  can  be  noted  the  simplicity  of 
expansion  and  mobility  of  managed  system  ele¬ 
ments.  But  it  should  be  taken  into  account  that  the 
premises  of  a  subscriber  are  used  as  elements  requir¬ 
ing  low  capacity  to  control  (lighting,  heating  systems) 
and  as  terminals  for  multimedia  services  (plasma  dis¬ 
play  panels,  video  phones,  etc.).  In  addition,  there  are 
terminals  of  mobile  telecommunications  services, 
which  must  also  operate  in  the  premises  of  the  sub¬ 
scriber.  In  this  connection  it  is  possible  to  organize  the 
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interaction  of  all  elements  in  the  "smart  home",  in¬ 
cluding  terminal  services  of  public  communication 
based  on  wireless  communication.  This  will  allow  to: 

•  provide  a  standardized  stack  management  and 

transmission  of  multimedia  information; 

•  reduce  dramatically  the  resources  used  by  wireless 

communications  systems; 

•  improve  the  EMC  characteristics  and  biological 

safety  in  the  "smart  home". 

All  external  information  flows  will  be  directed 
through  a  gateway  at  the  network  level  in  the  room 
number.  In  this  case,  the  gateway  to  the  subscriber 
premises  can  also  commute  the  internal  information 
sharing  elements  of  "smart  home".  Thus,  it  is  neces¬ 
sary  to  consider  the  possibility  of  using  the  existing 
access  network  and  subscriber  network  in  the  room, 
from  the  standpoint  of  their  using  in  the  concept  of 
"smart  home". 

As  the  basis  of  wireless  technology  it  is  necessary 
to  choose  such  technology  which  would  ensure  the 
above-mentioned  requirements.  An  example  of  this 
may  be  a  standard  Wireless  USB  [1].  Standard  Wire¬ 
less  USB  is  based  on  the  concept  of  platform  UWB 
(Ultra  Wideband,  UWB)  wireless  technology  for  data 
transmission  over  short  -  up  to  10  meters  distance, 
high  bandwidth  (up  to  1024  Mbps)  and  low  power 
consumption.  UWB  platform  is  a  solution  for  wire¬ 
less  transmission  of  high  quality  multimedia  content 
such  as  videos,  between  consumer  electronics  and  PC 
peripherals.  During  data  transferring  over  short  dis¬ 
tances  UWB  technology  seems  more  superior  in  com¬ 
parison  to  competing  standards.  It  is  especially  well- 
observed  in  the  measurement  of  such  a  thing  as  "the 
maximum  possible  density  of  data  rate.  If  you  are 
using  802.1  lb-compatible  equipment,  it  is  about  1 
kbit/s/m2,  Bluetooth-compatible  -  about  30  kbit/s/m2, 
and  802.1  la-compliant  -  about  83  kbit/s/m2,  then  the 
use  of  UWB  technology  the  value  of  this  figure  reach¬ 
es  1  Mbit/s/m2.  One  of  the  key  advantages  of  UWB 
technology  is  that  it  does  not  interfere  with  other  wire¬ 
less  technologies  used  today,  such  as  Wi-Fi,  WiMAX 
and  cellular.  Recommended  spectral  density  of  radia¬ 
tion  does  not  exceed  the  level  of  -41.3  dBm/MHz.  As 
a  result  of  this,  there  two  useful  practical  conclusions 
emerged:  absence  of  influence  on  the  work  of  other 
means  of  communication  and  miserly  power  con¬ 
sumption.  Schematically,  the  Wireless  USB  standard 
interface  involves  the  use  of  two  main  "layers"  for 
data  exchange  -  transport  and  physical  layer.  The 
transport  layer  is  based  on  the  above  mentioned  ultra 
wideband  (UWB)  technology,  the  physical  level  is  the 
level  of  environmental  data  formation,  where,  in  spite 
of  the  WUSB,  W1394  (Wireless  FireWire),  Bluetooth 
can  easily  figure,  and  other  protocols,  which  are  not 
invented  and  not  creatd  yet.  Wireless  USB  standard  is 
the  first  UWB -interface,  driven  to  commercial  status. 

Standard  transport  layer  Multi  Band  OFDM  for 
Wireless  USB  regulates  spectral  plot  of  width  7.5 
GHz,  which  is  divided  into  five  channels  and  several 


individual  sub-bands  at  528  MHz  for  each  chan¬ 
nel.  As  a  result  14  sub-bands,  each  of  width  528  MHz, 
grouped  in  5  frequency  plots,  with  each  of  the  14  sub¬ 
bands,  applied  to  standard  Wireless  USB  has  the  abili¬ 
ty  to  support  data  speeds  53.3,  80,  106,7,  160,  200, 
320,400,  480,  640,  800,  960  and  1024  Mbps.  The 
difference  in  the  rates  is  determined  by  rate  of  convo¬ 
lutional  coding  and  modulation  type.  With  an  increase 
in  the  number  of  frequency  bands  involved  speeds 
will  increase.  The  flexibility  of  the  new  wireless  stan¬ 
dard  means  that  in  different  countries  could  allow  to 
use  not  all  subranges,  but  it  does  not  influence  the 
final  performance.  At  the  subscriber  premises,  you 
can  choose  the  minimum  data  rate  to  control  ap¬ 
pliances  and  systems  (lighting,  heating,  etc.)  and  high¬ 
speed  multimedia  services  to  terminals  (plasma  dis¬ 
play  panels,  video  phones,  etc.) 

As  for  the  topology  of  Wireless  USB,  here  viewed 
analogy  with  wired  USB  -  device  has  its  own  address, 
obtained  during  connection  or  transfer.  In  this  topolo¬ 
gy,  the  host  controller  initiates  all  data  exchange  be¬ 
tween  connected  devices,  allocating  time  slots  and 
bandwidth  to  each  connected  device.  This  group  is 
called  a  cluster.  The  host  controller  can  support  up  to 
127  devices  in  the  cluster  group.  Clusters  coexist  in  an 
overlapping  spatial  environment  with  minimum  inter¬ 
ference,  which  allows  to  operate  multiple  WUSB- 
clusters  within  the  overall  range. 

Thus,  the  organization  of  interaction  of  all  elements 
in  the  "smart  home",  including  terminal  services,  pub¬ 
lic  communications,  a  forward- standard  wireless 
WUSB  allows  to: 

•  provide  standardized  stack  management  and 
transmission  of  multimedia  information; 

•  reduce  dramatically  the  resources  used  in  wireless 
communication  systems; 

•  improve  the  EMC  characteristics  and  the  bio¬ 
security  in  the  "smart  home". 

All  external  information  flows  will  be  channeled 
through  a  gateway  at  the  network  level  in  the  room 
number.  In  this  case,  the  gateway  to  the  subscriber 
premises  can  commute  and  internal  information  shar¬ 
ing  elements  of  "smart  home".  Consider  the  typical 
structure  of  the  access  network  according  to  the  con¬ 
cept  MUSE  [2]  (Fig.  1). 

Network  indoor  subscriber  (CPN)  is  connected 
through  Access  Gateway  (RGW)  and  further  to  the 
access  node  (AN)  network  access  provider 
(NAP).  NAP  is  connected  to  the  SBC  ISP-level  appli¬ 
cations  (ASP)  through  the  boundary  node  (EN).  One 
key  element  of  access  is  subscriber  gateway  (Residen- 
tional  Gateway,  RGW).  RGW  is  a  multifunctional 
element  that  performs  many  functions  in  spite  of  the 
standard  data  transmission  between  the  subscriber 
network  and  the  Internet.  In  particular,  it  is  necessary 
to  ensure  interaction  of  network  elements  of  fixed  and 
mobile  subsystems,  authentication,  support  for  a  given 
level  of  Q0S  for  multimedia  flows  in  the  direction  of 
terminals  of  different  services  in  CPN.  Thus,  ad- 
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RGW  -  Residentional  Gateway 
AN  -  Access  Node 
EN  -  Edge  Node 
CPN  -  Customer  Premises 
Network 

SBC  -  Session  Border  Controller 
NAP  -  Network  Access  Provider 
ASP  -  Application  Service 
Provider 

AS  -  Application  Server 


Fig.  1.  Structure  of  the  access  network  according  to  the  concept  MUSE. 


vanced  RGW  is  switching  center  network  in  the  pre¬ 
mises  of  the  subscriber. 

Functional  modem  RGW  has  an  open  architecture, 
according  to  Fig.  2,  which  shows  the  general  stmcture 
of  the  standard  (Triple  Play)  and  forward  (Multiple 
Play)  RGW. 

As  it  is  evident,  advanced  RGW  contains  several 
groups  of  interfaces:  to  connect  to  the  access  network 
operator  (xDSF,  optical),  to  connect  the  terminal  ser¬ 
vices  in  the  premises  of  the  subscriber  (ETH,  WiFi), 
and  also  to  connect  additional  devices.  Functionally 
gateway  contains  network  termination  NT1  and 
NT2.  In  addition,  advanced  RGW  includes  set-top 
boxes  (STB)  and  the  FXS  port  for  connecting  analog 


Triple  play  RGW 


Wi-Fi  H  WUSB  based  Multi-play  RGW 


telephones.  Advanced  RGW  contains  several  interfac¬ 
es  to  provide  such  additional  functions  as  the  general 
office  of  personal  video  recording,  printing  and  multi¬ 
function  office  interface  for  connecting  multiple  de¬ 
vices,  such  as  via  USB2.This  feature  can  be  used  in 
various  applications  for  (photo,  video,  etc.)  storage 
device. 

Thus,  the  use  of  the  premises  of  the  subscriber  ga¬ 
teway  RGW,  able  to  integrate  external  and  internal 
information  flows,  with  the  addition  of  its  interfaces 
WUSB  should  ensure  the  integration  of  all  the  termin¬ 
als  in  a  single  system. 

The  decisions  of  a  number  of  tasks: 

•  analysis  of  the  impact  on  bandwidth  gateway 
RGW  interface  WUSB  -  choose  the  location  of  the 
UWB  transceiver  devices  inside  the  premises; 

•  constmction  and  justification  of  the  mathematical 
model  of  elements  of  radio  and  SSHPS  used  in  the 
TCS; 

•  determining  of  requirements  for  the  design  and 
metrological  characteristics  of  transceiver  chan¬ 
nels  SSHPS; 

•  developing  of  methods  for  correcting  the  shape 
and  the  signal  spectmm  for  different  elements  of 
radio  with  the  requirements  of  speed,  providing 
multiple  access,  synchronization  accuracy,  longer 
range  radio  communications  and  to  ensure  elec¬ 
tromagnetic  compatibility  overlapping  frequency 
bands. 
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Abstract 

The  results  of  experimental  investigation  and  numerical  simulation  of  wireless  co¬ 
vert  noise  communications  with  code  spectral  modulation  are  discussed.  Transmit 
covertness  of  UWB  wireless  communications  is  evaluated  by  the  signal-to-noise  ratio 
and  bit-error  rate  performances. 
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1.  Introduction 

The  security  of  wireless  multiple  access  communica¬ 
tions  and  their  resistance  to  interference  become  some 
of  the  more  important  system  features  when  many 
wireless  devices  simultaneously  operate  in  the  same 
vicinity  [1-3].  Direct  sequence  communication  sys¬ 
tems  such  as  CDMA/OFDMA  systems  based  on 
spread  spectrum  technology  are  characterized  by  the 
beautiful  performances  of  signal-to-noise  ratio  (SNR) 
and  bit-error  rate  (BER).  But  outside  observers  using 
repeatable  properties  of  pseudorandom  spreading  se¬ 
quences  can  detect  or  intercept  noise-like  signals  ra¬ 
diated  by  these  systems.  Ultra  wideband  (UWB)  noise 
continuously  waveforms  provide  secure  wireless 
communications  because  they  cannot  be  detected  by 
means  of  traditional  receivers  based  on  statistical  sig¬ 
nal  processing  [1-5]. 

In  the  present  paper  we  discuss  the  results  of  expe¬ 
rimental  investigation  and  numerical  analysis  of  de¬ 
tection  performances  for  wireless  covert  noise 
communications  with  code  spectral  modulation. 

2.  Description  and  Analysis 
of  Communication  System 

The  proposed  wireless  noise  communication  system 
consists  of  a  transmitter  with  code  spectral  modula¬ 
tion  and  a  noise-correlating  receiver  with  correlation 
or  double  spectrum  processing.  The  data  transmission 
is  performed  by  continuous  noise  carriers  [3-5].  This 
noise  carrier  waveform  n(t)  is  generated  by  a  noise 
source,  which  provides  a  zero-mean  white  Gaussian 
signal  with  low  power  spectral  density  in  the  3.1- 
4.1  GHz  frequency  range  [4-5]. 


Generated  UWB  noise  waveform  n(t)  with  the  uni¬ 
form  power  spectrum  in  the  frequency  bandwidth 
A /  =  1000  MHz  is  split  into  two  in-phase  components 
with  equal  level.  One  of  these  components  is  used  as  the 
reference  signal.  The  other  part  of  the  n(t)  waveform  is 
delayed  in  a  two-section  delay  line  for  different  times 
T{)  =  10  ns  or  /  =  20  ns  according  to  the  informative 
bits  flow  “0”  or  “1”.  Code-time  commutation  of  delay 
sections  T{) ,  /  is  performed  with  the  transmission  rate 

C  =  1  /  Th  of  informative  bits.  After  that  the  message 

noise  signal  delayed  at  the  different  times  TQ ,  /  is  li¬ 
nearly  summed  with  the  reference  noise  signal. 

The  sum  noise  signal 

V  (*) )  =  n(t)  +  H0<ln(t  -  Tgl )  ( 1 ) 

is  sent  at  the  input  of  transmit  antenna.  Let  the  trans¬ 
mission  coefficients  H1Q  =  h1Q  exp(z0lo)  and  the 
delay  times  /  0  in  both  delay  channels  are  indepen¬ 
dent  of  a  frequency /in  the  frequency  bandwidth  A /  . 

The  interference  of  perfect  incoherent  noise  wave¬ 
forms  occurs  when  the  delay  times  TQ1  between  the 
delayed  waveforms  HQ1n(t  —  TQ1)  and  the  reference 
n(t)  substantially  exceed  coherence  time 
rc  =  1  /  A /  =  1  ns  for  these  noise  waveforms: 

T0,»rc,  TQ1Af»l.  (2) 

The  power  spectrum  of  the  sum  signal  (1)  is  esti¬ 
mated  over  the  symbol  duration  /  in  the  form: 

5  (/)  =  Snm  +  K,1  +  2U  cos(27T/r01  +  0J]  ,(3) 
where  Sn  (/)  is  the  power  spectrum  of  the  initial  noise 
waveform  n(t). 
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The  power  spectral  density  (3)  has  the  periodic 
modulation  as  a  result  of  the  interference  of  perfect 
incoherent  reference  and  delayed  waveform.  The 

spectrum  modulation  period  FQ  =  1  /  TQ  or 

F1  =  1  /  7j  is  defined  by  the  delay  time  TQ  or  Ij 
according  to  the  informative  bits  flow  “0”  or  “1”. 

The  sum  noise  waveforms  zQ(t)  and  zx{t)  with 

code  spectral  modulation  (3)  are  radiated  by  a  trans¬ 
mit  antenna  to  a  communication  link. 

The  experimental  power  spectrum  S  (f)  of  the 
first  sum  waveform  is  shown  in  Fig.  la.  The  frequen¬ 
cy  period  FQ  =  1  /  TQ  =100.0  MHz  of  the  spectral 
modulation  is  inversely  proportional  to  the  first  chan¬ 
nel  delay  time  TQ  =  10  ns. 

The  transmit  noise  waveforms  both  z  (t)  and 

z  (t)  have  the  same  3. 1-4.1  GHz  frequency  band  and 

the  same  coherence  time  r  =  1  /  A /  =  1  ns.  The 

large  frequency  bandwidth  A /  =  1000  MHz  of  used 
noise  continuous  waveforms  is  the  necessary  condi¬ 
tion  (2)  for  the  realization  of  the  offered  communica¬ 
tion  [3-5].  For  the  case  of  UWB  waveforms,  the 
condition  (2)  can  be  written  as 

A f»F0-,F1.  (4) 

In  consequence  of  the  interference  of  perfect  inco¬ 
herent  reference  and  delayed  waveforms  we  observe 
many  interference  periods  in  the  power  spectrum 
shown  in  Fig.  la. 

Two-channel  correlation  receiver  accomplishes  the 
optimal  processing  of  noise  waveforms  [1-2,  5]. 
Double  spectral  processing  is  another  method  of  cor¬ 
relation  measurements  [3-4]. 

A  block  diagram  of  the  communication  receiver 
with  double  spectral  processing  is  shown  in  Fig.  2. 

The  signal  r(t)  at  the  output  of  receive  antenna 

(RA)  contents  the  useful  signals  zQ  x  (t)  and  noise  inter¬ 
ference  v(t) .  The  power  spectrum  S  (/)  of  received 
noise  signal  r(t)  is  estimated  by  means  of  spectrum 
analyzer  SA  during  the  symbol  time  length  Tb . 

sr(f)=msn(f)[i+hi  + 
+2h0ilcos(2nfT01+601)\  +  Sv(f), 

where  K(f )  is  the  total  transmission  coefficient  of 
the  useful  signals  zQ1(t),  and  Sv(f)  is  the  power 
spectrum  of  the  noise  interference  v(t) . 

The  spectrum  modulation  depth  of  the  received  sig¬ 
nal  is  defined  by  a  behavior  of  the  coefficient  K(f ) 
and  is  not  uniform  function  of  frequency  argument  / , 
as  shown  in  Fig.  1.  This  performance  is  the  result  of 
dispersion  distortion  of  wideband  waveforms  in  the 
transmitter  and  propagation  channels.  Frequency  and 
dispersive  distortions  in  channels  reduce  correlation 
receiver  output.  Code  spectral  modulation  method  al¬ 
lows  decreasing  distortion  affects  because  both  mes- 


b) 


Fig.  1.  Power  spectrum  a)  and  autocorrelation  func¬ 
tion  b)  of  received  UWB  noise  signal  with 
frequency  bandwidth  W  =  1000  MHz. 


RA 

SA 

FFT 

PD 

Data 

ziToiTO 

MFoiFi) 

R(T0;Ti) 

(TolTx) 

(Oil) 

Fig.  2.  Block  diagram  of  the  communication  re¬ 
ceiver  with  double  spectrum  processing. 


sage  noise  signal  and  noise  reference  are  propagate  in 
the  same  channel  over  the  same  frequency  band. 

Auto-correlation  functions  of  both  received  noise 

waveforms  zx(t) ;  zQ(t)  can  be  defined  in  result  of 

Fast  Fourier  Transform  (FFT)  of  noise  power  spectral 
density  (5).  Let  the  total  transmit  coefficient  be  con¬ 
stant  K(f)  =  k  in  the  frequency  bandwidth  A /  .  The 

correlation  function  of  the  received  waveform  r(t) 
can  be  expressed  as 

R(r)  =  47re[R(r)  +  R(r-Tj  + 

+  R(t  +  tJ\  +  R(t), 

where  Rn  (r)  and  Rv  (r)  are  consequently  correlation 
functions  of  noise  continuous  waveform  n(t),  and 
noise  interference  v(t) .  The  relation  (6)  is  derived  in 
the  case  hQ  «=  \  =  1 . 

Auto-correlation  function  (6)  contents  the  informa¬ 
tion  correlation  peaks  at  TQ  or  Ij  time  shifts  when 
“0”  or  “1”  inform  symbols  are  consequently  received. 
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Auto-correlation  function  (6)  shown  in  Fig.  lb  is  cal¬ 
culated  for  transmit  symbol  “0”  using  quadrature 
components. 

The  peak  detector  (PD)  analyzes  digital  correlation 
output  of  the  Fast  Fourier  Transform  (FFT).  The  peak 
search  function  is  used  to  position  the  marker  at  the 
peak  of  the  digital  correlation  response.  The  peak  de¬ 
tector  can  find  the  information  correlation  peaks  at  time 
shifts  TQ  or  Ij  when  “0”  or  “1”  information  symbols 

are  consequently  received.  In  this  way  transmit  data 
(0;1)  are  unequivocal  reconstructed  in  result  of  double 
spectral  processing  of  received  noise  waveforms  (1). 

3.  System  Performance 

BER  performance  analysis  of  proposed  communica¬ 
tions  is  performed  for  a  link  with  additive  zero-mean 
band-pass  Gaussian  noise  interference  uncorrelated 
with  the  transmitted  signals.  Noise  continuously 

waveforms  zQ1(t)  contented  digital  information  and 

noise  continuously  interference  v(t)  have  the  same 
rectangular  shape  of  power  spectrums  in  the  same 
frequency  bandwidth  A / .  In  this  case  the  channel 
signal-to-noise  ratio  (SNR)  is  defined  at  the  receive  antenna 
output  as  relation 

q  =  (jl/a2v=Nz/Nv  (7) 

where  a2 ,  a2  are  respectively  the  mean-square  inten¬ 
sities  of  transmit  signals  zQ  x  (t)  and  noise  interference 

v(t) ,  and  Nz ,  Nv  are  their  constant  power  spectral 

density.  The  expression  of  channel  SNR  (7)  can  be 
written  as 

q  =  2a2J  a2v  =  2 A  /  A  ,  (8) 

because  n(t)  and  n(t  —  T  )  are  the  perfect  incoherent 
noise  waveforms. 

Now  let  us  define  the  system  gain  B  =  A fTh  as 
the  product  of  the  transmit  bandwidth  A /  with  the  bit 
duration  Tb .  The  data  rate  C  =  1  /  Tb  is  inversely 

proportional  to  the  bit  duration  Tb  Therefore  the  sys¬ 
tem  gain  B  can  be  written  as 

B  =  AfTb=Af/C.  (9) 

The  proposed  UWB  wireless  communication  system 

is  characterized  by  high  values  of  the  system  gain 
B  =  A /  /  C  »  1  varying  from  50  to  1000. 

The  relationship  between  the  channel  SNR  (q  )  and 
the  usually  used  baseband  SNR  (q  )  can  be  expressed  as 

q0  =Bq  =  (Af/C)q  (10) 

From  (10)  we  can  note  that  the  system  gain 

B  =  A /  /  C  determines  the  SNR  improvement  from  the 
receive  antenna  output  to  the  FFT  output  shown  in  Fig.  2. 

The  wireless  data  transmission  is  performed  on  the 
base  of  noise  continuously  signals  with  a  low  power 


spectral  density  of  7.0x10  5  mBt/MHz  in  the  3.1- 
4.1  GHz  frequency  range. 

Simulation  results  for  the  probability  of  error  show 
that  we  can  achieve  BER  values  of  10“4  — 10“5  for  a 
channel  SNR  value  from  -  6  dB  to  -4  dB.  Wireless 
data  transmission  is  performed  with  the  rate 
C  =  1.0  Mb/s  in  a  channel  with  a  strong  noise  inter¬ 
ference.  The  data  transmit  distance  is  evaluated  as 
R  =  54  meters. 

UWB  wireless  noise  system  carries  out  a  covert  da¬ 
ta  transmission  and  can  operates  when  the  channel 
SNR  is  negative. 

4.  Conclusions 

Digital  secure  wireless  communication  system  based  on 
UWB  noise  continuous  waveforms  with  code  spectral 
modulation  in  a  transmitter  and  double  spectrum 
processing  in  a  receiver  is  proposed  for  short-range 
data  transmission  with  the  rate  1 .0  Mb/s.  BER  perfor¬ 
mance  achieves  values  of  ICE4  —  ICE5  at  the  channel 
SNR  from  -  6  dB  to  -  4  dB.  UWB  wireless  communi¬ 
cation  system  can  operates  under  the  enemy  receiver’s 
thermal  noise  floor  when  noise  continuously  wave¬ 
forms  with  low  power  spectral  density  are  radiated  in 
the  3. 1-4.1  GHz  frequency  range.  This  feature  provides 
low  probability  of  detection  and  low  probability  of  in¬ 
tercept  (LPD/LPI)  wireless  data  transmission. 
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Abstract 

This  paper  elaborates  a  concept  for  a  wireless  field  bus  communication  with  soft¬ 
ware  defined  ultra  wide  band  with  impulse  radio  modulation  (IR-UWB)  in  manufac¬ 
turing  environments.  A  wireless  field  bus  offers  an  important  improvement  to  the 
smart  factory  due  to  increasing  requirements  for  connectivity,  adaptability  and  flex¬ 
ibility.  Former  analysis  showed  the  benefit  of  using  UWB  technology  for  the  wireless 
field  bus  transmission  in  manufacturing  environment. 

In  order  to  determine  the  best  type  of  IR-UWB  modulation  a  software  defined  ra¬ 
dio  system  with  direct  sequence  synthesizers  is  convenient.  For  this  purpose  on  the 
transmitter  side  a  digital-analog-converter  (DAC)  with  25  GS/s  controlled  by  FPGA 
feeds  directly  the  UWB  antenna.  On  the  receiver  side  the  received  signal  is  amplified 
by  a  low  noise  amplifier  (LNA)  and  converted  to  a  digital  signal  by  an  analog-digital- 
converter  with  as  well  25  GS/s.  The  digital  signal  is  further  processed  with  a  FPGA. 
This  enables  the  adaptation  of  transmission  parameters  during  operation.  Thereby  the 
transmission  parameter,  channels,  antennas  and  RF  components  can  be  investigated. 

Keywords:  UWB,  software  defined,  modular  testing  platform,  FPGA,  DAC,  ADC. 


1.  Introduction 

1.1.  Smart  Factory 

In  the  meantime  many  manufacturing  companies 
achieve  a  high  level  of  technology.  In  the  business 
model  “Stuttgarter  Unternehmensmodell”  [1]  is 
shown  that  transformability  in  all  layer  of  companies 
is  a  crucial  factor  to  survive  in  a  turbulent  environ¬ 
ment.  In  order  to  reach  a  high  flexibility  and  trans¬ 
formability  in  the  whole  company  the  shop  floor  level 
has  to  be  incremented  in  flexibility  in  the  same  way. 
For  a  smart  factory  it  is  also  an  important  point  to 
have  a  highly  flexible  information  system.  Therefore 
one  of  the  central  goals  is  to  develop  variable  and 
reusable  hardware  modules.  With  a  wireless  field  bus 
such  modules  can  be  realized  very  flexible,  plug-and- 
play  capable  and  easy  to  reconfigure. 

1.2.  Approach 

In  order  to  develop  a  wireless  field  bus  at  first  the 
requirements  have  to  be  elicited  and  analyzed.  These 


can  be  compared  with  the  properties  of  the  possible 
communication  technologies  so  one  can  be  chosen. 
For  the  selected  wireless  transmission  standard,  the 
architecture  for  the  wireless  field  bus  can  now  be  de¬ 
signed.  In  order  to  evaluate  the  transmission  a  plat¬ 
form  with  replaceable  modules  has  to  be  developed. 
However,  this  platform  should  be  able  to  generate  the 
IR-UWB  signal  in  direct  sequencing  mode  and  digit¬ 
ize  the  received  signal  without  down  sampling  of  the 
signal.  With  this  platform  the  wireless  field  bus  can  be 
evaluated  and  measured  in  the  manufacturing  envi¬ 
ronment. 

1.3  Related  Work 

Willig  et  al.  [2]  discuss  the  problem  of  meeting  the 
requirements  of  industrial  environments,  the  usage  of 
existing  wireless  technologies  for  field  applications  and 
their  combination  with  wired  systems.  Therefore,  the 
authors  compare  Bluetooth,  WPAN  (IEEE  802.15.4) 
and  WLAN  (IEEE  802.1  la/b/g).  They  additionally 
show  that  a  wireless  field  bus  is  beneficial  for  industrial 
applications.  They  do  not  involve  UWB  in  this  compar¬ 
ison  but  see  the  UWB  as  a  future  opportunity. 
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Furthermore  Willig  presents  a  wireless  extension 
for  PROFIBUS  [3].  In  this  approach,  he  develop  a 
device  to  couple  the  wired  part  of  the  field  bus  with  a 
wireless  virtual  ring  extension. 

Korber  presents  a  concept  of  a  modular  wireless 
real-time  sensor  and  actuator  network  for  factory  au¬ 
tomation  applications  [4],  but  he  doesn’t  consider 
crucial  requirements  of  robustness  and  security  and 
hereby  communication  dependability  in  industrial 
environments.  However,  he  doesn’t  include  the  UWB 
technology  in  the  comparison. 

Katja  Schwieger  [5]  analyzes  the  energy  efficiency 
of  different  wireless  networks  with  low  data  rate.  Dif¬ 
ferent  wireless  technologies  in  the  ISM-band  are 
compared.  She  shows  that  UWB  allows  very  energy 
efficient  transceivers. 


ferent  modules  which  can  be  replaced  and  reconfi¬ 
gured.  So  the  optimum  for  modulation,  coding  and 
power  efficiency  can  be  elaborated.  Furthermore  the 
configuration  of  the  evaluation  platform  is  to  be  as¬ 
signed  with  the  field  bus.  Without  loss  of  generality  in 
this  concept  the  field  bus  PROFIBUS  (PROcess  Field 
BUS)  is  used.  PROFIBUS  is  a  widely-used  field  bus 
in  the  automation  technology. 


Fig.  1.  An  Example  of  a  wireless  field  bus  bridge 
with  UWB 


2.  Requirements  Engineering  and 
Comparison  of  Possible  Wireless 
Communication  Technologies 

In  order  to  develop  a  wireless  field  bus  communica¬ 
tion  the  requirements  have  to  be  chosen  very  careful. 
In  a  earlier  work  the  requirements  have  been  elicited 
and  analyzed  [6].  The  most  important  requirement 
detected  is  the  dependability.  Reliable  data  transmis¬ 
sion  for  control  and  production  data  acquisition  in  a 
plant  is  a  crucial  issue.  The  main  advantage  of  a  field 
bus  is  the  real  time  capability  which  relies  on  the  de¬ 
pendability  of  the  transmission.  Therefore  the  wireless 
transmission  has  to  be  very  robust  against  interfe¬ 
rence,  strong  attenuation  and  multipath  propagation. 
Similar  important  is  the  requirement  of  energy  effi¬ 
ciency.  Consequently  a  very  good  energy  efficiency 
can  render  possible  completely  autonomous  sensor 
with  small  batteries  or  even  an  energy  harvesting 
module  [7]. 


Table  1.  Decision  Matrix. 


Requirement 

WLAN 

ZigBee 

Bluetooth 

UWB 

wired 

Robustness 

+ 

- 

+ 

++ 

++ 

Energy  Eff. 

- 

0 

- 

++ 

+ 

Real-Time 

- 

o 

o 

+ 

++ 

Flexibility 

++ 

+ 

+ 

+ 

-- 

Total 

o 

o 

o 

++ 

With  the  result  of  this  decision  matrix  in  Table  1 
the  wireless  technologies  WLAN,  ZigBee,  Bluetooth 
and  UWB  have  been  compared.  UWB  with  impulse 
radio  modulation  has  been  selected  for  the  implemen¬ 
tation  of  the  wireless  field  bus.  UWB  for  low  data  rate 
transmission  is  defined  in  the  IEEE  802.15.4a. 

3.  Concept 

In  order  to  develop  the  wireless  field  bus  with  UWB  it 
is  convenient  to  use  an  evaluation  platform  with  dif- 


The  intention  of  this  wireless  field  bus  realization 
is  not  the  complete  replacement  of  field  bus  wires,  but 
the  supplement  of  wireless  field  bus  bridge  (e.g.  for  a 
single  movable  sensor  like  it  is  shown  in  figure  1). 

3.1.  Architecture 

The  architecture  of  the  testing  platform  provides  a 
transparent  wireless  field  bus  bridge.  The  field  bus  in¬ 
terface  receives  the  Profibus  signal  and  passes  the  in¬ 
formation  with  the  shifted  voltage  levels  to  the  FPGA. 
In  the  FPGA  there  are  mainly  two  modules,  first  the 
modulator  implemented  with  a  DSP  (Digital  Signal 
Processor)  and  second  the  configuration  module.  The 
configuration  module  is  connected  to  the  Profibus  as 
slave  and  can  be  addressed  over  the  Profibus. 


FPGA 


DAC 


Fig.  2.  Architecture  of  the  Transmitter 


This  means  a  received  bit  of  the  field  bus  is  coded 
into  an  impulse  radio  signal  sequence  by  the  DSP. 
The  type  of  impulse  can  be  selected  by  the  configura¬ 
tion  module  as  well  as  the  destination  address  and  the 
pre-distortion  in  order  to  equalize  the  distortions 
caused  by  the  channel  as  well  as  the  antennas.  The 
DSP  generates  the  digital  stream  for  the  DAC  (Digi- 
tal-to-Analog  Converter)  which  converts  it  to  the  ana¬ 
log  impulse  for  the  UWB-antenna  (Fig.  2). 

On  the  receiver  side,  an  LNA  amplifies  the  re¬ 
ceived  signal  for  the  acquisition  by  the  ADC  (Analog- 
to-Digital  Converter)  avoiding  analog  components 
except  the  LNA  and  a  band  pass  (BP)  filter  on  the 
receiver  side.  The  demodulation  of  the  received  signal 
can  be  conducted  using  a  real-time  implementation  on 
an  FPGA  again  (Fig.  3).  Intending  both  the  transmitter 
and  the  receiver  as  direct  sequencing  converter  the 
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DAC  and  the  ADC  has  to  cope  with  the  high  UWB 
frequency  up  to  10  GHz.  According  to  the  Nyquist- 
Shannon  sampling  theorem  the  converters  need  at 
least  a  sampling  rate  of  20  GS/s. 

3.3.  DAC 

The  DAC  of  Alpert  presented  in  [8]  which  is  suitable 
for  the  proposed  concept  can  achieve  sampling  rates 
up  to  25  GSs"1.  With  this  DAC  direct  sampling  in  the 
first  Nyquist  band  can  be  achieved  for  the  whole 
UWB  frequency  range.  In  Fig.  4  the  ENOB  (Effective 
Number  of  Bits)  are  plotted  from  0-12  GHz.  The  out¬ 
put  of  the  DAC  can  directly  feed  the  UWB  antenna 
given  the  low  power  emission  in  the  UWB. 

3.4.  ADC 

The  6  bit  ADC  developed  by  Lang  [9],  with  sampling 
rates  of  up  to  25  GS/s  and  an  ENOB  of  more  than  3 
bit  for  an  analog  input  signal  with  10  GHz  (Fig.  5), 
can  be  used  for  direct  sampling  of  the  received  and 
amplified  signal. 

4.  Conclusion 

The  main  benefit  of  the  presented  testing  platform  is 
the  possibility  to  test  in  real  time  different  implemen¬ 
tation  possibilities  due  to  the  fast  DAC  and  ADC  with 
a  direct  sequencing.  The  presented  solution  for  the 
software  defined  IR-UWB  transmission  offers  the 
possibility  to  detect  the  most  efficient  transmission. 
With  the  easy  to  use  interface  in  the  configurator  con¬ 
nected  with  Profibus  the  modulation  scheme  can  be 
adapted  on  the  running  system.  Subsequently  a  energy 
efficient  and  easy  to  use  single  chip  solution  for  the 
wireless  field  bus  can  be  designed  with  the  results  of 
this  testing  platform. 
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Abstract 

The  UWB  GPR  technique  is  applied  for  investigation  of  covered  stmcture  of  cul¬ 
tural  heritage  objects  without  affect  their  constmction  integrity.  The  obtained  infor¬ 
mation  is  important  for  restorers  since  the  most  part  of  it  is  not  available  for 
conventional  diagnostic  methods  and  technical  documentation  is  often  lost.  Some  ex¬ 
amples  of  cultural  heritage  objects  investigations  are  performed. 

Keywords:  GPR,  cultural  heritage  objects. 


1.  Introduction 

The  nondestructive  check  technique  using  the  UWB  is 
widely  applied  in  different  areas  including  the  diag¬ 
nostics  of  cultural  heritage  objects.  The  conventional 
diagnostic  methods  not  satisfy  the  present-day  re¬ 
quirements  of  restorers  in  the  field  of  data  acquisition 
about  technical  state  of  historical  sites  for  decision  on 
restoration  program.  UWB  GPR  technique  allows 
investigating  the  covered  structure  of  cultural  heritage 
objects  without  affect  the  construction  integrity  and 
significant  decorative  elements.  The  obtained  infor¬ 
mation  is  important  because  of  the  most  part  of  it  is 
not  available  for  other  conventional  methods  and 
technical  documentation  is  often  lost. 

Using  the  UWB  GPR  technique  for  diagnostic  and 
monitoring  of  cultural  heritage  objects  allows  solving 
the  following  problems: 

•  Determination  of  structure  layers  thickness; 

•  Estimation  of  homogeneity  (continuity)  of  mate¬ 
rials  of  structural  units  and  elements; 

•  Search  and  following  of  engineering  services  in¬ 
cluding  non-metallic  ones; 

•  Location  and  depth  determination  of  structural 
anomalies  (foreign  inclusions  and  objects)  in 
structural  units  and  elements. 

2.  GPR  Diagnostic  of  Cultural 
Heritage  Objects 

The  using  of  georadar  technique  for  investigation  of 
cultural  heritage  object  is  very  interesting  and  compli¬ 
cated  problem.  In  this  case  the  whole  spectrum  of 
georadar  available  possibilities  is  needed.  Restores  are 
interested  in  as  well  ultra-thin  layers  such  as  stucco  as 


the  construction  of  massive  pedestal  with  thickness  of 
several  meters. 

Let  us  give  some  examples  of  practical  works  con¬ 
cerned  with  diagnostic  of  cultural  heritage  object. 

The  goal  of  investigation  of  the  mosaic  floor  of  the 
Concert  Pavilion  in  Pushkin  was  to  define  bridging 
structure,  location  of  humidity  zones  and  metal  fas¬ 
tener  elements.  The  example  of  georadar  image  of  the 
scan  trace  over  the  mosaic  blocks  and  marble  slabs  is 
shown  in  Fig.  1.  The  thickness  of  mosaic  is  near  2  cm. 
The  humidity  zone  is  indicated  by  circle.  It  is  located 
above  the  vertex  of  the  brick  arch  indicated  by  dotted 
curves.  The  structure  of  the  arch  bridging  was  con¬ 
firmed  by  investigations  with  low-frequency  antennas. 

The  investigation  of  the  pedestal  of  the  monument 
to  Nicolas  I  was  a  complicated  problem.  The  multi¬ 
tier  pedestal  is  constructed  from  118  blocks  of  red  and 
dark-gray  granite,  red  quartzite  and  white  marble.  The 
pedestal  is  decorated  by  four  female  figures,  four  high 
relieves  and  armours  of  bronze.  As  the  result  of  inves¬ 
tigations  the  estimation  of  stone  blocks  thickness  had 


Fig.  1.  Georadar  image  of  trace  over  mosaic  floor. 
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been  received,  the  places  of  destruction  of  binding 
material  and  the  location  of  the  humidity  zones  had 
become  clear.  Two  vertical  metal  pillars  passing 
through  the  whole  pedestal  were  revealed.  They  serve 
for  attachment  of  the  statue  to  the  base.  The  georadar 
image  of  the  trace  in  the  upper  part  of  the  pedestal  is 
shown  in  Fig.  2  where  the  pillar  is  observed  at  the 
depth  of  near  1.3  m  (in  dotted  circle). 

In  Fig.  3  the  georadar  image  of  the  trace  over  the 
quartzite  blocks  is  performed  where  anyone  can  see 
the  characteristic  hyperbolas  from  metal  dowels  indi¬ 
cated  by  arrows.  The  same  hyperbolas  from  upper 
fasteners  of  high  relief  are  observed  in  Fig.4  where 
the  georadar  image  of  the  above  the  high  relief  trace  is 
shown. 

In  our  opinion  the  integration  of  different  methods 
is  very  important  for  the  diagnostic  of  cultural  herit¬ 
age  objects.  During  the  investigation  of  the  monument 
to  Nicolas  I  the  using  of  video  endoscope  allowed  to 
determine  the  power  of  corrosion  of  high  relief  and 
sculpture  fasteners.  Endoscope  images  confirm  the 
destruction  of  the  binding  material  detected  by  GPR 
researches.  The  area  of  the  anchor  corrosion  is  indi¬ 
cated  by  arrow  in  Fig.  5. 

During  the  investigation  of  atlantes  of  the  portico 
of  the  New  Hermitage  the  complex  of  methods  was 
used:  georadar,  metal  detector,  video  endoscope,  ul¬ 
trasonic  flaw  detector.  The  goals  were  to  determine 
the  construction  of  atlantes  fastening  to  the  upper 


Fig.  2.  Georadar  image  of  trace  over  the  upper  part 
of  pedestal. 


Fig.  3.  Georadar  image  of  trace  over  the  lower  part 
of  pedestal. 


beam  and  the  base  pedestal  and  the  fastening  of  the 
pedestal  to  the  granite  stylobate  of  portico. 

As  the  result  of  investigation  the  location  and  the 
dimensions  of  dowels  were  established.  The  example 
of  the  georadar  image  of  trace  over  the  pedestal  is 
shown  in  Fig.  6  where  the  dowel  is  observed  in  the 
center.  The  using  of  the  metal  detector  allowed  to 
determine  the  material  of  the  dowel:  it  is  bronze  but 
not  iron. 


Fig.  4.  Georadar  image  of  trace  over  quartzite 
blocks  above  high  relief. 


Fig.  5.  Video  endoscope  image  of  anchor 
corrosion. 


Distance,  m 

Fig.  6.  Georadar  image  of  trace  over  the  bottom  of 
granite  pedestal. 
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Practical  Application  of  UWB  Georadar  Technique  for  Investigations  of  Cultural  Heritage  Objects 


Fig.  7.  Georadar  image  of  trace  over  horizontal 
beam  above  sculpture 


Fig.  8.  Video  endoscope  image  of  wrought  iron 
anchor  and  vertical  dowel 


The  investigation  of  the  atlantes  upper  fasteners 
from  the  front  size  of  portico  through  the  horizontal 
beam  was  carried  out  with  GPR  (the  example  of  the 
radar  image  is  shown  in  Fig.7),  but  from  the  of  at- 
lantes'  heads  the  video  endoscope  was  used  (Fig. 8). 
Thus  the  construction  of  upper  fasteners  was  revealed 
and  slight  differences  were  discovered  for  several 
sculptures. 

3.  Conclusion 

The  integration  of  methods  (georadar,  metal  detector, 
video  endoscope,  ultrasonic  detector)  provides  the 
comprehensive  information  about  objects  for  the  spe¬ 
cialists  of  restoration.  We  think  that  the  list  of  me¬ 
thods  in  use  should  be  expanded. 

In  St-Petersburg  and  other  regions  of  Russia  we 
have  investigated  more  than  twenty  cultural  heritage 
objects.  In  “Radioavionica  Corporation”  based  on 
acquired  experience  “The  technique  of  investigation 
of  architectural  monuments  and  city  sculpture  using 
the  ultrawideband  .radiolocation  sounding”  was 
worked  out  which  was  authorized  by  Government  of 
St-Petersburg. 

It  is  essential  to  acquaint  restorers  and  constructors 
with  the  georadar  technique  possibilities  and  to  in¬ 
crease  the  number  of  the  investigated  objects  because 
all  of  them  demand  unique  approach  and  give  unique 
experience. 
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Abstract 

The  method  of  accuracy  enhancement  of  medium  permittivity  estimation  based  on 
measurements  of  time  delays  of  UWB  signals  reflected  from  local  object  and  re¬ 
ceived  in  different  points  of  radar  scanning  trace  is  suggested.  The  mathematical  re¬ 
lations  have  been  obtained  for  estimation  of  investigated  medium  permittivity  and 
measurement  errors  and  evaluation  of  algorithm  accuracy  gain  in  comparison  with 
common  methods  has  been  made. 

Keywords:  GPR,  permittivity. 


1.  Introduction 

The  determination  of  electrophysical  properties  (con¬ 
ductivity  and  dielectric  permittivity)  of  medium  using 
UWB  GPR  data  is  the  ill-conditioned  inverse  problem. 

The  solution  of  such  problem  is  possible  within  the 
certain  limits  and  essentially  depended  on  the  method  of 
acquisition  of  initial  information.  In  the  case  in  question 
the  time  delays  of  UWB  signals  reflected  from  local 
object  over  scanning  with  steady  speed  or  in  step  manner 
as  shown  in  Fig.  1  are  used  as  initial  information. 

Transmitting  and  receiving  antennas  are  sequential¬ 
ly  placed  in  i  point  of  trace 
( I  s=  0;  d=l;  ±2; . . . ;  =b M  /  2 ).  During  antennas  move 

along  the  scanning  trace  the  local  object  is  observed 
not  only  in  the  one  point  just  above  it  but  in  several 
points  up  to  maximum  distance  ±L  /  2  depended  on 
antenna  pattern  width,  signal  attenuation  in  medium, 
etc.  As  a  result  the  reflected  from  local  object  signals 
form  the  hyperbola  which  shape  depends  on  permit¬ 
tivity  £  of  investigated  medium  and  local  object 

depth  RQ  (Fig.  2). 


Fig.  3  gives  an  example  of  the  real  radar  image 
from  two  local  objects  placed  at  different  depths 
The  method  of  estimation  and  local  object  depth 
evaluation  is  known  [1].  The  corresponding  values 
may  be  found  from  equations: 


-0.4  -0.2  0  0.2  0.4 

distance 


Fig.  2.  An  example  of  calculated  responses  from 
local  objects  placed  at  different  depths. 


Fig.  3.  An  example  of  the  real  radar  image. 
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*0  = 


t2  ■  i2  •  A  l2 
t2  - t: 2 

i  0 


(2) 


where  RQ  is  local  object  depth;  6  is  medium  permit¬ 
tivity;  c  is  electromagnetic  constant;  tQ  is  time  delay 
of  signal  in  the  vertex  of  hyperbola,  when  antenna  sys¬ 
tem  places  in  point  i  =  0 ;  t.  is  time  delay  of  signal. 

From  equations  (1)  and  (2)  it  is  clear  that  for  evalu¬ 
ation  of  permittivity  and  local  object  depth  it  is  neces¬ 
sary  to  measure  time  delay  of  signal  at  least  in  two 

points  of  trace,  for  example  t  and  t  . 

The  accuracy  of  permittivity  evaluation  is  specified 
mainly  by  errors  of  time  delay  measurements  and  dis¬ 
tance  between  points  measurement: 

Potential  for  accuracy  enhancement  of  permittivity 
estimation  using  time  delay  measurements  in  only  two 
points  of  radar  trace  is  limited  as  the  information  from 
other  points  of  radar  trace  is  ignored.  In  this  connec¬ 
tion  the  method  of  accuracy  enhancement  of  permit¬ 
tivity  estimation  is  suggested  based  on  weighting 
averaging  of  time  delay  measurements  in  several 
points  along  radar  trace. 

The  problem  solution  is  considered  under  the  fol¬ 
lowing  limitations: 

•  Let  us  assume  that  geometric  optics  laws  are  ap¬ 
plicable  for  radiolocation  signals; 

•  The  object  is  local  and  its  responses  form  the  cha¬ 
racteristic  hyperbola  on  radar  image; 

•  The  medium  under  investigation  is  homogeneous; 

•  The  distribution  law  of  time  delay  fluctuations  of 
reflected  from  local  object  signals  is  assume  to  be 
normal; 

•  The  antenna  pattern  is  rather  wide  and  the  attenua¬ 
tion  in  medium  is  low  that  allows  to  receive  local 
object  response  at  a  considerable  distance  from  it. 


2.  Problem  Statement  and  Principles 
of  Solution 

In  order  to  obtain  the  optimal  estimation  for  permittiv¬ 
ity  of  medium  with  local  object  in  it  let  us  use  maxi¬ 
mum  likelihood  criterion  and  logarithm  of  likelihood 
ratio  as  decision  function  [2]. 

Let  GPR  antenna  system  move  discretely  with  A  l 
step  over  medium  interface  above  the  local  object 

situated  at  the  depth  of  R(] .  The  distance  R(i)  from 

local  object  to  arbitrary  point  of  radar  trace  is  de¬ 
scribed  by  equation: 


(*)=  .  i2  ■  A  l2  + 

t  — 

\  )  -u 

0  2-el 

The  propagation  time  of  signal  from  local  object  to 
antenna  system  placed  at  point  %  is: 


The  equation  for  t(i)  expand  into  Maclaurin  se¬ 
ries: 


t  —  tQ  +  2  •  e  •  i2 


A  f 


Vc 


r>  —2  -4 

— 2  •  £  • l 


A/4 

A-4 


+  4  •  £3  •  i6 


Af 

t*-ce 


Using  series  terms  up  to  second  order  we  obtain  the 
following  expression  for  time  delay: 

t  (i)  =  %  +  2  •  e  ■  i2  ■  AL  +  n(i) , 

Vc 

where  n^ij  is  random  fluctuations  of  time  delay  of 

signal  at  point  i  caused  by  internal  noise,  time  insta¬ 
bility  of  sweep  etc. 

Let  us  consider  the  realization  of  time  delay  of  ra¬ 
dar  signals  relative  to  tQ  depending  on  antenna  sys¬ 
tem  position  as  the  input  realization  for  permittivity 
evaluation: 

y  [i,  —  G  •  e  •  i2  •  A l2  +  n  (z) , 

where  the  following  designation  is  used  for  accom¬ 
modation: 


G  = 


Let  us  represent  the  input  realization  in  vector 
form: 


^  (e)  =  x  (e)  + 


n  , 


where  x  (s)  is  the  vector  of  predicted  realization  of 

time  delay  of  radar  signals. 

Suppose  that  the  distribution  law  of  random  time 
fluctuations  n  is  normal  and  using  the  maximum 
likelihood  ratio  for  estimation  of  signal  with  fully 
known  parameters  with  the  exception  of  estimated  one 
we  obtain: 


in  1  [ Y  (£)] = ri£)  -  °-5  ■  (£) = 

=  Yt  ^  •  r  (e)  —  0.5  •  xT  (s)  •  r  (s) , 


where  1  •  x  (s) ,  T>  1  is  inverse  correlation 

matrix  of  time  delay  fluctuations  of  radar  signal. 

Maximum  likelihood  estimation  e  is  described  by 
equation: 


^  _  Y  (e)-R 
£  ~  XT  •  R 


(3) 


where  X T  •  R  is  x  (e)  •  r  normalized  by  e  . 
The  error  variance  of  estimation  has  the  form: 
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In  assumption  that  time  delay  fluctuations  are  un¬ 
correlated  the  correlation  matrix  of  phase  fluctuation 
is  described  by  equation: 

$  =  k2l-k  I 

I  M  I  %3 1 


where  a]  is  time  fluctuation  variance;  6..  is  Kro- 

t  7  ij 

necker  symbol. 

In  that  case  a  weight  vector  is  equal  to  predicted 
realization  normalized  by  variance: 


XT  =G-L2/m 2  x 


/  /  \2 

/  /  \2 

-[m/  2j  .. 

•  -1  0  1 

•  [m/  2j 

where  G  = - . 

cH 

Taking  into  account  of  XT  •  X  may  be  substituted 
by  common  sum  [3]  the  equation  for  permittivity 
evaluation  and  measurement  error  variance  would 
have  the  form: 


M/2 

15- M-  Ei2(yz-yx) 


(5) 


When  time  delay  measurements  realize  in  two 
points  of  radar  trace  (without  averaging  along  the 
trace)  the  measurement  error  variance  a]  ( M  =  2  )  is 
calculated  using  the  formula: 


The  ratio  of  variances  (5)  and  (6)  permits  to  esti¬ 
mate  the  gain  of  suggested  method  of  permittivity 
estimation  against  the  common  case  with  measure¬ 
ments  in  two  points  of  radar  trace.  The  accuracy  gain 
depends  on  the  number  of  points  along  the  radar  trace 
where  measurements  of  time  delay  take  place  and  is 
described  by  equation: 


b[m] 


/  \2 

„  M  , 

/  \  M  _ 

M  „ 

8-  — +  1  • 

[M  + 1  •  3-  —  +3- 

- 1 

2 

2  J 

2 

20  -M3 


^  \ 

Fig.  4.  Accuracy  gain  dependence  on  the  number 
of  measurement  points. 

It  is  clear  from  the  plot  that  increasing  the  number 
of  points  along  the  trace  where  the  measurements  of 
time  delay  of  signals  reflected  from  local  object  take 
place  causes  the  improving  of  accuracy  gain  for  per¬ 
mittivity  evaluation.  Thus  for  M  =  20  the  accuracy 
gain  is  2.5  times  more,  for  M  =  50  -  5.5  times  more. 

3.  Conclusion 

Thus  the  method  of  accuracy  enhancement  of  medium 
permittivity  evaluation  is  suggested.  Math  equations 
for  evaluation  of  medium  permittivity  and  measure¬ 
ment  errors  are  performed.  The  accuracy  gain  of  sug¬ 
gested  algorithm  versus  common  method  is  estimate. 
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Abstract 

Three  well-known  methods  of  layered  stmcture  permittivity  profile  reconstmction 
on  the  basis  of  microwave  probing  are  under  consideration.  The  methods  are  discrete 
analog  of  Gel’fand-Levitan  integral  equation  method  supposing  Goupillaud  model, 
the  method  of  dynamic  deconvolution  and  the  method  based  on  Newton-Kantorovich 
iterative  scheme  implementation  to  Riccati  differential  equation.  The  methods  are 
discussed  with  assumptions  of  probing  beam  divergence  and  heat  losses  in  material. 

Keywords:  Permittivity  profile,  stratified  stmcture,  reflection  coefficient, 

nondestmctive  testing,  divergent-wave  probing,  reflectors  localization. 


1.  Introduction 

The  problem  of  1-D  permittivity  profile  (PP) 
q(x)  —  e{x)  |l  —  j  tg8(xfj  reconstruction  on  basis  of 

reflection  coefficient  in  frequency  domain  (RCFD)  con¬ 
cerned  with  medical  tomography,  geoexploration,  non¬ 
destructive  testing  of  industrial  items  etc.  Simultaneous 
accounting  both  heat  losses  in  material  and  divergence  of 
probing  beam  provides  taking  into  consideration  essen¬ 
tial  effects  having  place  in  real  experiment  and  thus  al¬ 
lows  achieving  more  accurate  reconstruction  of  PP.  In 
the  case  of  single  reflector  consideration  the  first  effect 
leads  to  reducing  of  inserted  reflection  coefficient  versus 
distance  relatively  intrinsic  RC  of  the  reflector  by  expo¬ 
nential  low,  while  the  second  effect  leads  to  the  reducing 
by  hyperbolic  low.  Despite  the  lows  similarity  correct 
reconstruction  of  PP  can  be  performed  if  experiment 
provides  high  accuracy  of  measured  data. 

Three  well-known  methods  of  layered  structure  PP 
reconstruction  on  the  basis  of  microwave  probing  are 
under  consideration.  The  methods  are  discrete  analog 
of  Gel’fand-Levitan  integral  equation  method 
(DAGLM)  supposing  Goupillaud  model  [1],  the  me¬ 
thod  of  dynamic  deconvolution  (MDD)  [2]  and  the 
method  based  on  Newton-Kantorovich  iterative 
scheme  (NKIS)  implementation  to  Riccati  differential 
equation  [3].  The  first  two  methods  are  similar  one  to 
another  in  an  idea  of  layer-by-layer  reconstruction  in 
consecutive  order  as  opposed  to  the  third  one  provid¬ 
ing  simultaneous  estimation  of  all  the  layers. 


2.  Models  of  RCFD  in  the  Cases  of 
Plane-Wave  and  Divergent-Wave 
Probing 


If  plane  model  is  considered  for  normal-falling  prob¬ 
ing  wave,  RCFD  of  stratified  structure  having  N  lay¬ 
ers  with  complex  permittivity  qk  and  thickness  d} 
( k  =  1, 2, . . . ,  N )  can  be  synthesized  using  well-known 
iterative  scheme  [4]  supposing  consecutive  layers 
introducing: 


«h  k)A 


r  .  +R(k-1)L  )e 

N-k  \  n ) 

1  +  r  .R^Uuj 

N-k  \  n ) 


(1) 


with  k  being  iteration  number.  The  scheme  is  started 
from  [u;n  j  =  rN  and  provides  R (7V)  (w n  )  being 


desired  RCFD  of  the  structure,  r  = 


■j; 


is 


RC  of  interface  m  =  0,1,..., TV  ,  q{)  ==  q  and 

qN+ 1  =  q ^  are  permittivity  of  front  and  back  half¬ 
spaces  respectively,  C  is  light  speed. 

If  the  sample  and  a  transceiver  hom  aren’t  placed 
enough  remotely,  RCFD  can  by  synthesized  using  ap¬ 
proach  [5]  supposing  3  stages:  synthesizing  of  plane- 
front  impulse  response  of  reflection  (PFIRR)  on  interval 
bringing  considerable  part  of  reflected  energy;  correction 
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of  impulse  magnitudes;  transformation  of  IRR  to  fre¬ 
quency  domain.  The  approach  was  developed  on  the 
paraxial  optic  approximation  and  takes  into  consideration 
electromagnetic  beam  focusing-defocusing  properties  of 
interfaces  between  layers  with  different  materials.  Let’s 
use  notation  R  for  magnitude  of  PFIRR  im- 

\n\  >  n2  >  ■■■’  nN  / 


pulse  formed  after  n  passing  of  layer  1 ,  n2  passing  of 

layer  2,  ...,  nN  passing  of  layer  N  (one  passing  in¬ 
cludes  forward  and  backward  propagation).  Then  magni¬ 
tude  of  corresponding  impulse  of  divergent-front  IRR 
can  be  obtained  through  following  correction: 


R, 


'K,' 


■,nN) 


R, 


2  z  —  x 


\nvn2, 


2z  —  x  T  2^  ] 


nA 


■A2) 


k=i  ^eRk 


with  z  being  distance  between  horn  aperture  and 
front  interface  of  sample  and  x  being  distance  from 
aperture  to  phase  center  of  beam. 


3.  The  Method  of  Dynamic 
Deconvolution 


MDD  was  originally  developed  [2]  on  inversion  of  (1) 
by  the  way  of  successive  layers  removing.  The  parame¬ 
ters  of  next  removed  layer  are  estimated  on  the  basis  of 
parametrical  spectral  analysis  (PSA)  results:  magnitude 

of  the  first  impulse  R(Qk)  and  delay  of  the  second  one 
r[k) .  RCFD  after  next  layer  removal  is  obtained  as: 


*(i_1)k) 


with  k  =  A,A-L...,1. 

Generalization  of  MDD  to  the  case  of  divergent 
probing  wave  model  consideration  is  complicated  be¬ 
cause  absence  of  analog  of  equation  (1)  for  RCFD  of 
N  -layered  structure.  But  structure  having  only  1  layer 
provides  fully  correct  equation  including  Lerch  tran- 

oo 

scendent  function  $(<*;,  s,  a)  =  ^  /  (a  +  n)s  with 

n= 0 

5  =  1  what  makes  possible  development  of  MDD 
modification  that  approximately  take  into  account  beam 
divergence.  Corresponding  iterative  scheme: 


R(k~l)  L  )  =  — 

V  n )  j^(k) 


1  -Kk)rtk)M 


with 


„(*) 


„(*) 


2z(k)  -  x 


i  -K’f 


e3Vl  ,  (3) 


2dN-k+JReR 


z(k+ 1)  .  N—k 


Re^i 


N-k+l 

if  k  =  N, 
if  iV  —  1  >  fc  >  1. 


^ N-k 


T>  s  (•••)  is  used  for  notation  of  function  inverting 
Lerch  transcendent  T>(^,  1,  a ^ )  relatively  variable  ^  . 

Despite  the  divergence  accounting  isn’t  absolutely 
correct,  the  modification  proposed  can  provide  fully- 
accurate  reconstruction.  The  reason  is  that  transforma¬ 
tion  (3)  correctly  compensates  divergence  effect  for 
magnitudes  of  main  impulses  (that  are  impulses  cor¬ 
responding  to  first  reflection  from  interfaces). 


4.  Discrete  Analog  of  Gel’fand- 
Levitan  Method 


DAGLM  allows  reconstructing  of  real  part  of  PP  on 
the  basis  of  known  IRR  which  can  be  found  from 
measured  RCFD  by  the  way  of  PSA.  The  equidistant 
sampling  of  IRR  is  demanded  in  this  method.  On  ite¬ 
ration  k  =  1, 2, 3, . . .  the  iterative  scheme  brings  para¬ 
meters  of  next  partial  layer  ek  and  dk  considering 
solving  of  SLAE  that  includes  values  of  sampled  IRR 
[1].  The  method  can  be  accelerated  us¬ 
ing  the  block  matrix  inversion  application  for  the  pur¬ 
pose  of  the  SLAE  solving  [6]. 

Despite  the  method  was  developed  in  supposition  of 
plane-front  model  for  probing  impulse,  simple  modifica¬ 
tion  makes  DAGLM  appropriate  for  reconstruction  in 
the  case  of  divergent-front  impulse  probing.  In  this  case 
every  iteration  of  DAGLM  must  be  supplemented  with 
the  stage  of  the  treated  impulse  magnitude  correction. 

The  impulse  with  magnitude  R}  that  appears  in  [6, 
Eq.l]  on  iteration  k  should  be  amplified  as  following: 


k  A 

2  z-x  +  2J2 


R,  -►  R, 


m= 1  +  £ 


2  Z  —  X 


The  sum  in  numerator  is  given  by  all  the  layers  having 
been  reconstructed  previously;  the  parameter  2  z  —  x 
must  be  known.  The  correcting  transformation  doesn’t 
absolutely  conform  with  IRR  model  (2),  but  it  becomes 
more  and  more  correct  when  layers  permittivity  contrast 
is  decreasing.  The  cause  is  that  transformation  is  abso¬ 
lutely  valid  for  the  main  impulses  as  opposed  to  echo 
ones.  But  numerical  experiment  has  shown  that  approach 
can  also  be  effective  for  layered  structures  with  relatively 
high  contrast  of  £  . 

Note  that  development  of  fully- valued  discrete  ana¬ 
log  of  the  method  based  on  Gel’fand-Levitan  integral 
equation  [1]  providing  complex  permittivity  profile 
reconstruction  demands  cancellation  of  Goupillaud 
media  model  that  essentially  complicates  the  method. 


5.  Newton-Kantorovich  Iterative 
Scheme 

NKIS  [3,  8]  provides  reconstruction  of  PP  through 
numerical  solving  of  the  Riccati  differential  equation 
connecting  PP  function  q{uo,x)  and  spatial  distribu¬ 
tion  of  reflection  coefficient  x) : 
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dr{yo,  x) 
dx 


)r(u,x) 

0 


1  —  r2  (tu,  x)  dq(ui,  x) 

4  q(cj,  x)  dx 

(4) 


The  initial  data  for  reconstruction  is  the  reflection  coeffi¬ 
cient  before  structure  r(u;  ,  —  0)  measured  on  some  grid 


of  frequencies  con  (n  =  1,2,...,M).  If  permittivity  is 

considered  to  be  complex-valued  but  non-dispersive  in 
frequency  band  of  measurements,  equation  (4)  provides 
high  accuracy  and  stability  of  NKIS  being  treated  in 

X 

coordinate  ((x)  =  J  ->Jq(x')dx'  [8].  The  scheme  im- 

o 

plies  choosing  electrical  depth  of  reconstruction  £max , 
some  initial  distribution  q(i))(()  for  (  £  (o,  Cmax  ]  and 
iterative  correction  of  PP  using  sequence  of  corrections 
Afk)(f) .  The  corrections  are  expanded  on  some  system 
of  N  basic  functions  (N  <  M).  On  iteration 
k  =  1, 2, 3, . . .  PP  is  given  by: 


q{k)(0  =  qik-1)(0  +  J2pl\(0 

n  l 

with  being  kth  iteration  correction  of  coefficient 
corresponding  to  nth  basic  function  4>n(()  •  Unknown 
coefficients  are  obtained  as  solution  of  the  SLAE 
(with  coefficients  matrix  of  size  M  x  N  )  having  to  be 
solved  at  every  iteration.  Discrete  bases  choosing  en¬ 
sures  adequate  PP  reconstruction  if  structure  is  known 
to  be  stratified.  Good  results  are  provided  by  the  basis 
containing  II- shape  functions  [8]  every  of  which 
equals  1  inside  its  own  layer  and  0  outside. 

It  must  be  noted  that  taking  into  consideration  probing 
beam  divergence  implies  corresponding  generalization 
of  Riccati  equation  (4)  being  the  base  for  NKIS  devel¬ 
opment.  The  problem  provides  an  essential  obstacle. 


6.  The  Problem  of  Interfaces 
Localization 

If  discrete  basis  is  used  for  the  purpose  of  PP  repre¬ 
sentation,  the  reconstruction  process  can  be  divided 
into  two  stages.  Firstly,  electrical  coordinates  of  inter¬ 
faces  (n  must  be  obtained  and,  secondly,  NKIS  must 

be  launched  for  layers  permittivity  matching.  The 
problem  of  reflecting  interfaces  localization  is  usually 
solved  with  use  of  PSA  methods  but  this  approach 
doesn’t  distinguish  main  impulses  and  echo  ones. 

The  disadvantage  is  suppressed  in  the  method  [3] 
implying  preliminary  approximate  PP  reconstruction 
using  NKIS  with  exponential  basis  and  subsequent 
interfaces  identification  as  points  where  spatial  distri¬ 
bution  of  modulus  of  permittivity  derivative  reaches 
local  maxima.  The  imperfection  of  the  second  method 

is  low  accuracy  of  .  Two  methods  can  be  used  in 

couple  producing  hybrid  approach  [7]  that  provides 
strong  points  combination. 


Another  method  [8]  based  on  PSA  results  interpreta¬ 
tion  utilizes  information  containing  in  delays  of  echo 
impulses  for  more  precise  estimation  of  main  impulses 
delays.  The  indices  of  some  spectral  component 

R  are  determined  by  the  way  of  matching  of 

probability  distribution  functions  of  spectral  component 
expectation  and  spectral  component  disposition. 

7.  Comparison  of  the  Methods  of  PP 
Reconstruction 

At  the  end  let’s  compare  possibilities  and  demands  of 
three  methods  described  above  (Table  1).  Column  ‘De¬ 
mands’  shows  whether  method  of  reconstruction  sup¬ 
poses  PSA  performing  or  interfaces  localization  (IL).  In 
the  second  case  echo  spectral  components  is  considered 
to  be  excluded  from  the  list  obtained  by  PSA. 

Table  1.  Comparison  of  the  methods  of  PP  recon¬ 


struction. 


Method  of 

PP  reconstruction 

Divergence 

accounting 

Losses 

accounting 

Demands 

MDD 

yes 

yes 

PSA  /  IL 

DAGLM 

yes 

no 

PSA 

NKIS 

no 

yes 

IL 
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Abstract 

Considered  the  factors  that  determine  the  conditions  of  radiotechnic  suppress  ra¬ 
diolines  control  explosive  devices,  an  analysis  of  experimental  studies  and  an  esti¬ 
mate  of  parameters  suppressed  radiolines  that  allows  us  to  determine  energetically 
and  spatial  characteristics  of  the  antenna  system.  On  the  basis  of  tactical  considera¬ 
tions  location  ultrawideband  RTS  combat  formations  moving  columns,  select  a  max¬ 
imal  range  of  producer  interference,  20  m  and  the  spectral  composition  of  the  signal 
handicaps  of  100  ...  3000  MHz. 

Keywords:  Radiotechnic  suppress,  radiolines  control  explosive  devices,  ultrawide¬ 
band  signal,  handicaps. 


Statistics  indicate  that  today  radio-controlled  explo¬ 
sive  devices  (RCED)  are  being  increasingly  used  in 
carrying  out  terrorist  acts.  The  preferential  use  of 
RCED  properties  determined  primarily  by  the  relative 
security,  wich  determing  the  distance  between  the 
position  of  the  explosion-ments  and  the  place  of  deto¬ 
nation.  Most  RCED  used  in  an  attack  on  the  transport 
military  columns  -  cars,  armored  vehicles,  etc. 

Canal  transmission  of  information  RCED  can  be 
characterized  by  the  following  parameters  [1]. 

1.  Frequency.  There  is  a  high  probability  of  use  in 
RCED  equipment  produced  for  industry  of  the  various 
models  remote  control.  Distribution  of  the  radiofrequen¬ 
cies  allocated  in  different  countries  according  to  the  ra¬ 
dio  "radio  reglament",  covers  parts  of  the  frequency 
range  from  20  to  500  MHz.  Mobile  radio  station  general 
application,  paging  system,  howling  and  cellular  work  in 
some  areas  up  to  2000  MHz  frequency,  which  is  isolated 
as  for  scientific,  industrial  and  community-based  health 
goals.  We  are  currently  mastered  frequency  band  2300- 
2400  MHz.  The  most  probable  frequency  range  for 
RCED  are  mastered  a  range  of  up  to  1000  MHz,  it  is  also 
likely  to  present  the  application  of  expansion  range  up  to 
2000  MHz,  in  the  long  run  we  should  expect  improve¬ 
ment  in  the  range  RCED  to  3000  MHz. 

2.  Distance  range  of  RCED  depends  of  the  energy 
potential  of  the  transmitter  and  the  receiver  sensitivi¬ 
ty.  The  energy  potential  is  the  product  of  the  power 
output  amplifier  of  the  transmitter  and  the  gain  of  the 
radiating  antenna. 

Effective  gain  of  the  transmitting  and  receiving  an¬ 
tennas  depends  on  the  design  and  the  allowable  size. 
Most  antennas  used  in  RCED  are  antennas  bayonets 
type  and  executed  in  the  form  telescopic  antenna  or 
pigtail.  Analysis  of  the  literature  shows  that  non¬ 


optimality  of  the  antennas  size  leads  to  the  fact  that 
their  effective  gain  is  less  than  -  6  dB. 

3.  Losses  on  the  road.  Loss  of  power  signal  on  the 
road  can  be  divided  into  polarization  and  distance.  Pola¬ 
rization  losses  due  to  non-optimal  arrangement  of  radia¬ 
tion  and  receiving  antennas  relative  to  each  other,  to 
meet  the  requirements  for  concealed  of  their  placement. 
In  this  case  increased  losses  can  be  estimated  as  3  dB  [1]. 

Due  to  the  proximity  of  the  propagation  path  ra¬ 
diosignals  RCED  to  the  earth’s  surface  power  input 
signal  decreases  in  proportion  to  4-th  degree  instead 
of  the  2-nd  for  the  propagation  in  free  space  [2]. 

In  real  terms  remove  the  terrorist  to  place  a  bookmark 
is  unknown  and  may  vary  within  wide  limits.  The  paper 
proposes  used  an  indicator  of  the  efficiency  of  protection 
in  the  form  of  the  relative  ratio,  defined  as  [2]: 

K=D  /R_  , 

where  FU  -  the  maximum  distance  between  the  ter- 

I  max 


rorist  from  transferring  part  RCED  and  place  a  book¬ 
mark  receiving  part  RCED  for  this  magnitude  ranks  Dp  , 

which  still  provided  failure  receiver  RCED. 

The  coefficient  K  is  a  function  of  the  transmitter  noise 
parameters  and  RUVU  and  does  not  depend  on  their  mu¬ 
tual  arrangement.  For  broadband  noise,  and  receiver  and 
transmitter  antennas  interference  near  the  ground  surface, 
indicator  of  the  protection  is  defined  as  [2]: 


K= 


PhG„Dfg 

PGDf, 

V  h 


|!/4 


(1) 


where  PG  -  energy  potential  transmitter  RCED; 
PhGh  -  energy  potential  handicaps  transmitters  Chica 
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interference  Af  -  effective  band  pass  of  the  receiver 

RUVU  linear  part;  Afh  -  the  width  of  the  spectrum  of 
the  handicap  signal;  7  -  polarization  coefficient. 

The  above  analysis  of  the  radiolines  control  explo¬ 
sive  devices  parameters  makes  it  possible  to  make  the 
following  main  conclusions. 

The  urgency  of  the  problem  makes  the  search  and 
analyze  the  different  ways  opposition  radio-controlled 
means  of  terrorism,  including  electronic  methods.  To 
counter  RCED  can  be  used  methods  radioblocking 
and  functional  defeat  (FD).  Functional  defeat  of 
RCED  defeat  by  powerful  single  pulse  yourself  or 
sequences  that  cause  destruction  of  the  receiver  input 
circuits. 

To  the  FD  RCED  can  be  used  sighting  or  barrage 
handicaps.  Sighting  handicaps  has  a  significant  ener¬ 
gy  gain  compared  with  the  barrage,  but  its  implemen¬ 
tation  requires  information  on  value  of  the  frequencies 
at  which  the  works  repressed  radio  electronics.  With 
broadband  barrage  handicap  power  output  throughout 
a  given  range  of  frequencies.  Carrier  frequency  used 
by  terrorists,  and  the  type  of  its  equip-do  in  this  case 
is  not  taken  into  account. 

As  broadband  barrage  handicap  may  use  ultrawi- 
deband  (UWB)  videopulse  signals  of  nanosecond 
duration.  At  present,  theoretical  research  and  created 
UWB  radio  system  (RTS)  for  various  purposes. 

The  energy  potential  of  the  director  interference 
depends  on  the  power  of  interference  and  antenna 
gain,  determined  by  the  width  of  its  pattern.  The  use 
of  alldirectional  antennas  line  type  leads  to  a  decrease 
energy  potential  of  RTS  suppression  RCED.  In  this 
for  the  FR  radioexplosive  expedient  is  the  use  of  sec¬ 
toral  RTS  with  sharp-direct  of  the  antennas. 

The  analysis  of  experimental  studies  and  numerical 
parameters  RCED  avoided  the  exclusion  to  determine 
the  energy  and  spatial  characteristics  of  the  antenna 
systems  for  blocking  radiolines  explosive  devices. 

Table.  1  shows  typical  values  of  the  intensity  elec¬ 
tric  field,  may  be  necessary  for  the  FD  input  channels 
radioexplosive  for  different  operating  frequencies  f , 
the  gain  D,  sensitivity  Umin  and  dynamic  range  of 
the  receiver  60  dB. 


Table  1.  The  magnitude  of  the  electric  field,  en¬ 
suring  the  normal  operation  RCED. 


f, 

MHz 

L, 

m 

D 

u  .  , 

mm  7 

pkV 

E  .  , 

mV/m 

V/m 

50 

0,6 

0,2 

5 

0,367 

0,367 

100 

0,3 

0,2 

5 

0,183 

0,183 

500 

0,3 

1 

5 

0,016 

0,016 

1000 

0,15 

1 

2 

0,003 

0,003 

2000 

0,15 

2 

2 

0,001 

0,001 

3000 

0,1 

2 

2 

0,0007 

0,0007 

The  energy  threshold  for  achieving  effective  pre¬ 
fect  degradation  of  electronic  elements  is  determined 


by  the  thermal  relaxation  time  of  the  processes,  which 
for  semiconductor  devices  and  integrated  circuits  is 

r  >10  ...  100ns.  When  the  condition  r  <r  for 

r  —  p  —  r 

amplifycation  the  thermal  effect,  causing  the  degrada¬ 
tion  of  radio-elements,  require  periodic  follow- 
sequence  UWB  signals.  The  expression  for  the  evalu¬ 
ation  of  the  required  input  power  semiconductor  de¬ 
vice,  leading  to  its  degradation  has  the  form: 


"^degr 


KS 


II  p-n 


(2) 


where  K  -  constant  damage,  depending  on  the  type 
of  semiconductor  device  and  has  the  dimension 
[kW/(ms)l/2  cm-2];  rs  -  total  time  of  exposure  to 
the  stricken  RTS  periodically  a  sequence  of  pulses; 
Sp  n  -  p-n  square  junction  in  cm2. 

Equation  (2)  to  determine  summary  power  required 
for  degradation  of  the  elements  under  the  action  of  a 
pulses  periodic  sequence  at  inband  impact: 

pint  _ p  p 

degr  degr  II 

Table  2  shows  the  evaluation  values  of  power  in- 
band  to  be  applied  P1^ ,  sufficient  for  the  degradation 
radioelectronic-govemmental  elements  under  the  in¬ 
fluence  of  ultrashort  pulses  pack  rs  =  100  ms. 


Table  2.  Evaluation  power  Plnt  ,  mW. 

1  degr  7 


Instrument  SC 

s  , 

p-n 

TE’ 

pint 

degr 

type 

Kn 

cm2 

ms 

Kcn=!0 

Kcn  =  15 

Diodes  SC  and 
transistors 

0,1 

10“3- 

5  •  1 0-2 

102 

3-2-102 

1 0  -  5  ■  1 02 

Diodes  UHF 

0,01 

10  3 - 
510  2 

102 

0,3  -  20 

1-50 

IC  and  LIC 

0,1 

104- 
210  3 

102 

0,3-6 

1  -20 

SC  -  semiconductor;  IC  -  integrated  circuits;  LIC  - 
large  integrated  circuits. 

As  seen  from  Table  2,  the  maximum  power  for  FD 
inband  exposure,  necessary  for  the  degradation  of 
semiconductor  diodes  and  transistors  amounts  to 
500  mW.  Using  data  from  Table  1,  can  be  calculated 
signal  power  required  for  a  normal  work  of  an  explo¬ 
sive  device: 


where  S=E2  /  Z  -  density  of  the  flow  powerfully 

max  '  v  J  1  J 

received  signal;  Zy  =  1207 r  -  impedance  of  free 
A2 

space;  Aeff  =  G  - - effective  antenna  square. 

To  achieve  maximum  power  of  500  mW  (Table  2), 
providing  the  degradation  of  diodes  and  transistors, 
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the  intensities  of  the  electric  field  will  have  value:  for 
50  MHz  -  E  =  18  V/m,  for  100  MHz  -  E  =  37  V/m, 
for  500  MHz  -  E  =  82  V/m,  for  1000  MHz  - 
E=  165  V/m,  for  2000  MHz  -  E  =  217  V/m,  for 
3000  MHz- E=  308  V/m 


Table  3.  Signal  power,  sufficient  to  undermine 
radio-controlled  explosive  device 


f,  MHz 

L,  m 

D 

pmax  nT 

Fnw  9  Bt 

50 

0,6 

0,2 

1,98 -KT4 

100 

0,3 

0,2 

1,24  •  10-6 

500 

0,3 

1 

1,86-KT8 

1000 

0,15 

1 

1,63-HT10 

2000 

0,15 

2 

9,1  •  icr12 

3000 

0,1 

2 

1,98  •  10"12 

On  the  basis  of  tactical  considerations,  the  decay  of 
location  UWB  RTS  for  FD  RCED  in  combat  forma¬ 
tions  moving  column,  select  the  maximum  distance  of 
choreographer  interference  Rhand  =  20  m. 

To  estimate  the  geometric  dimensions  of  the  antenna 
system  as  a  reference  we  take  the  average  medium  fre¬ 
quency  spectrum  of  UWB  signal  f0  =  1,5  GHz,  for  which 
we  define  Ehand  (f0)  =180  V/(m  Hz).  In  accordance 
with  the  formula  for  an  ideal  radiocommunication  for  the 
direction  of  maximum  antenna  system  [3]: 

E  V60PEDhand 

hand  -p  ’ 

hand 

where  PE  -  peak  power  of  the  transmitter  (on  fre¬ 
quency  1,5  GHz);  Dhand  -  maximum  gain  antenna  Of 
UWB  RTS,  get  that  PsDn0M  «  216  kW  .  Fig.  1 

shows  the  relationship  between  gain  antenna  system 
and  the  forward  power  for  the  given  values  of  the 
electric  field  and  distance. 

Note  that  in  order  to  reduce  losses  in  polarization, 
it  is  desirable  to  use  an  antenna  with  circular  polariza¬ 
tion  of  the  radiated  field.  As  this  antenna  is  proposed 
to  use  the  paraboloid  of  rotation  with  the  irradiator  in 
the  form  of  a  conical  spiral  antenna  excited  to  occur 
UWB  signal  videopulse  type  nanosecond. 


Fig.  1.  The  relation  between  gain  antenna  system 
and  the  forward  power. 


Assume  that  the  gain  antenna  system  D  =  100  . 

C7  J  max 

The  gain  depends  on  the  electrical  characteristics  of  the 
antenna  feeder  system.  Using  the  known  the  relation  [3]: 


D 


25000  -T-  30000 

2©o,5p2C 


where  20°  5p,  2</>°5p  -  the  width  of  pattern,  in  degrees, 

we  find  that  for  axisymmetric  antenna  lead-rank 
beamwidth  is  15,80. 

Given  that  the  width  of  pattern  can  be  estimated 
with  formula: 


20 


o 

0,5P 


(65  70)  A 


where  A  -  wavelength;  d  -  aperture  diameter,  we 
find  that  the  aperture  size  is  d  =  0, 875  m. 

To  increase  the  radiation  resistance  should  increase 
the  electrical  size  of  the  antenna  system,  as  well  as  the 

fact  that  the  lowest  frequency  range  f  =100  MHz 

(A  =  3  m),  final  but  we  choose  a  reflector  antenna 
diameter  d  =  1, 5  m. 

In  accordance  with  the  data  in  Fig.  1  for  gain  antenna 
D  =  100  power  UWB  RTS  will  be  the  value 

Pv  =  2, 2  kW,  taking  into  account  path  loss  for  propa¬ 
gation  along  the  surface  of  the  Earth  (30  dB  at  50  m). 


Conclusions 

Considered  the  factors  that  determine  the  conditions 
of  radiotechnic  suppress  radiolines  control  explosive 
devices,  an  analysis  of  experimental  studies  and  an 
estimate  of  parameters  suppressed  radiolines  that  al¬ 
lows  us  to  determine  energetically  and  spatial  charac¬ 
teristics  of  the  antenna  system.  On  the  basis  of  tactical 
considerations  location  ultrawideband  RTS  combat 
formations  moving  columns,  select  a  maximal  range 
of  producer  interference,  20  m  and  the  spectral  com¬ 
position  of  the  signal  handicaps  of  100  ...  3000  MHz 
When  the  above  data,  we  can  consider  the  coeffi¬ 
cient  of  protection  (1).  Under  the  assumption  that 
P  =  1  W,  G  =  2 ,  Af  =  20  kHz, 

PVG.  =2,16  kW,  Af  =3  GHz,  we  find  that 
K  =  0, 4 .  This  value  is  valid  if  you  delete  a  book¬ 
mark  from  the  site  of  the  terrorist  bombing  of  50  m. 
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Abstract 

The  advantages  of  digital  algorithms  when  processing  of  radar  data  are  indicated. 
The  directions  of  coherent  combining  usage  of  returned  signals  in  radar  systems  are 
shown.  The  range  of  new  digital  algorithms  of  the  movement  of  air  objects  estimate 
parameters  (including  signals  with  carrier  frequency  tuning  from  impulse  to  impulse) 
is  described  and  it  is  based  on  the  list  of  degree  of  taking  realizations  coherence.  The 
requirement  for  sound  signals  parameters,  providing  single  retrieval  of  information, 
are  determined. 

Keywords:  Coherent  integration,  signal  processing,  signals  rebuilding  frequency, 
velocity  measurement,  turbo  propeller  effect  (TPE),  air  object  (AO), 
scattering  centre  (SC),  two-dimensional  radar  tracking  image  (TDRTI), 
trajectory  instability  (TI),  range  portrait  (RP). 


In  the  radar  engineering  using  analogue  processing  of 
accepted  signals,  coherent  integration  was  realized 
only  on  the  bound  intervals  in  which  limits  of  radio¬ 
waves  reflection  objects  were  considered  as  the  mo¬ 
tionless.  Digital  processing  has  allowed  to  spend  ne¬ 
cessary  transformations  with  a  delay  which  affected 
however  the  quality  of  accepted  decisions.  The  size  of 
this  delay  is  so  small  that  the  radar  station  personnel 
(RS)  does  not  notice  its  presence,  and  it  is  considered 
to  be  that  necessary  decisions  are  developed  in  real 
time.  Thus  quality  of  the  received  information  is  es¬ 
sentially  improved  that  allows  passing  from  statistical 
approaches  to  deterministic  when  making  a  decision. 

For  example,  at  the  digital  correlation  analysis  of  ac¬ 
cepted  realizations  the  estimation  of  angular  behavioral 
activity  of  air  objects  (AO)  is  possible  to  conduct  [1].  It 
allows  to  organize  longer  coherent  addition  (accumula¬ 
tion)  of  signals  on  intervals  of  Air  Objects  fading  and 
to  organize  more  effective  averaging  of  signs  on  inter¬ 
vals  with  maximum  slew  rate  of  AO.  Besides,  digital 
processing  has  opened  a  way  to  coherent  addition  of 
signals  with  frequency  tuning  (FT)  [2]. 

The  tendency  of  gradual  transition  from  manned  to 
unmanned  aviation  of  streamline  forms  and  small 
sizes  will  by  all  means  lead  to  the  decrease  of  range  in 
typical  RS.  It  grounds  the  search  of  ways  of  artificial 
increase  in  working  relationship  of  signal-noise.  One 
of  such  ways  is  the  increase  in  duration  of  coherent 
accumulation  and  restoration  of  coherence,  lost  in 
view  of  trajectory  instability  (TI)  of  the  flight  of  AO 
and  influence  of  other  destabilized  factors.  The  new 
method  of  formation  of  two-dimensional  radar¬ 
tracking  images  (TDRTI)  of  AO  is  based  on  such 


principle,  its  essence  is  shown  in  [1,2].  And  the  speci¬ 
fied  method  assumes  the  formation  of  range  portrait 
(RP)  objects  from  reflected  FT  signals  by  means  of 
operation  of  discrete  Fourier  transformation  which  as 
a  matter  of  fact  provides  the  coherent  addition  of  dif¬ 
ferent  frequency  signals.  The  range  portrait  formed  by 
a  method  of  integration  (coherent  addition  of  ele¬ 
ments)  frequency  characteristic  of  AO,  represents  a 
set  of  temporal  echoes  of  such  kind  as  sinc(x) .  The 
amplitude  of  the  response  of  disseminating  centre 
(DC)  is  proportional  to  a  range  frequencies  tuning  F 
and  the  effective  area  of  dispersion  (EAD)  of  a  given 
disperser,  and  the  location  of  echoes  is  defined  by 
radial  removal  from  a  point  of  basic  range  (from  RS). 
The  range  portrait  is  the  pulse  characteristic  (PC)  of 
the  object,  in  which  the  location  of  each  echoes  is 
proportional  to  the  removal  of  corresponding  DC 
from  RS.  The  possibility  of  coherent  addition  of  sig¬ 
nals  at  PC  reception  is  analytically  proved  in  [2]. 

By  the  construction  of  RP  from  the  point  of  view  of 
securing  the  best  coherence  the  right  choice  of  corre¬ 
lation  between  the  quantity  of  frequencies  N ,  the 

period  of  repetition  by  impulses  T  and  a  range  of 

reorganization  F  is  of  great  importance.  This  choice 
should  be  made  on  a  base  of  requirement:  the  width  of 
the  narrowest  petal  of  the  reflective  characteristic  AO 
should  prevail  over  change  of  the  angular  position  AO 

during  multifrequency  dispatch  NT  .  Simultaneously 
it  is  necessary  to  provide  a  condition  of  a  correct 
choice  of  a  frequency  pitch  F  /  N  <  c  /  LQ,  where 
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Lq  -  is  a  radial  size  of  the  object,  c  -  is  a  speed  of 

distribution  of  radio-waves.  Under  insisting  of  these 
demands  range  portrait  of  AO  will  have  high  charac¬ 
teristics,  and  during  a  multifrequency  dispatch  the 
fluctuations  connected  with  snaking  of  a  glider  AO 
will  not  take  negative. 

For  strengthening  of  coherent  properties  of  the  fre¬ 
quency  characteristic  (FC)  it  is  required  to  eliminate 
negative  phases  influence  connected  with  radial 
movement  AO.  The  method  of  elimination  such  phase 
incursion  and  the  measurement  of  speed  AO  in  a 
mode  of  reorganization  of  frequency  is  offered  in  [3]. 
The  algorithm  of  measurement  in  [3]  is  based  on  max¬ 
imization  of  the  coherent  sum  of  components  FC.  The 
variations  of  a  method  [3]  are  already  received.  One 
of  them  instead  of  entropy  of  vector  RP  uses  disper¬ 
sion  production  for  the  third  central  moment  [4]. 
Another  opens  a  possibility  of  measurement  of  radial 
speed  AO  at  the  limited  number  of  working  frequen¬ 
cies  in  patch  of  signal  building  frequency  (SBF).  At 
large  variety  of  methods  and  approaches  to  processing 
of  the  reflected  signals  all  of  them  are  united  by  a 
generality  of  a  plan  which  assumes  maximization  of 
coherent  properties  of  accepted  reflexions.  Corres¬ 
ponding  algorithms  lead  to  the  hypothetical  fading  in 
space  of  moving  AO  where  upon  the  reflected  signals 
become  sinfaz  (quasi  in-phase  when  using  SBF). 

The  using  together  with  a  method  of  inverse  syn¬ 
thesizing  of  the  aperture  allows  forming  TDRTRI  AO 
in  which  SC  coordinates  are  distributed  in  two  mu¬ 
tually  perpendicular  directions:  on  longitudinal  and 
cross-section  range.  The  physical  base  for  definition 
of  separate  SC  on  cross-section  co-ordinate  is  a 
changing  of  an  angle  accompanied  AO.  An  algorith¬ 
mic  base  of  permission  SC  is  coherent  addition  of  the 
reflected  signals  in  spectral  area.  The  angle  changing 
can  be  a  consequence  of  rectilinear  flight  AO  and  its 
casual  angular  moving  at  TI,  shown  at  snacking  of 
glider  in  turbulent  atmosphere.  Distribution  of  res¬ 
ponses  SC  in  TDRTRI  depends  on  their  geometric 
arrangements  concerning  the  centre  of  support  of  ob¬ 
ject  (CSO)  and  parameters  of  moving  AO.  The  form 
of  responses  is  defined  by  a  sinc(x)  function  in  two 
mutually  perpendicular  directions.  The  location  of 
each  SC  in  a  cross-section  direction  (spectrum)  is  de¬ 
fined  its  secondary  Doppler  frequency  Fm,  and  the 
radial  arrangement  answers  the  structure  of  RP. 

For  correct  reproduction  in  TDRTI  an  azimuthal 
portrait  AO  it  is  necessary  to  fulfill  the  following 
conditions:  the  width  of  a  spectrum  must  be  smaller 
the  return  frequency  of  digitization  of  a  signal  in  time. 
That  is  for  the  maximum  frequency  of  secondary 
spectrum  F  should  inequality  F  <  1  /  (NT.)  be 

fulfilled.  Simultaneously  the  step  of  reorganization  of 
frequency  A /  =  F  /  (N  —  1)  defines  a  time  interval 
of  unequivocal  reproduction  of  IC  object  of 
T  =  1  /  A /  .  The  quantity  T  should  provide  qua¬ 
litative  supervision  of  RP  of  the  largest  AO  in  a  dis¬ 


tance  window  cT  /  2  ,  where  c  -  a  velocity  of  light. 
So,  the  fulfillment  of  the  condition  cT  /  2  >  L  , 
where  Ln  -  is  the  maximum  radial  extent  of  object 

U  max  J 

is  necessary. 

As  a  result  of  presence  of  errors  of  measurement  of 
range  R  and  radial  speed  U  ,  and  also  in  a  kind  of 

vibrations  of  the  case  of  a  glider  and  deviations  of  the 
centre  of  weights  AO  from  a  rectilinear  trajectory 
during  construction  TDRTI  phase  focusing  of  adja¬ 
cent  RP  is  necessary.  The  algorithm  of  focusing  con¬ 
sists  in  restoration  of  coherence,  lost  in  view  of  errors 
measurement  of  distance  and  input  its  amendments  on 
base  of  the  measured  radial  speed. 

As  alarm  signs  of  recognition  in  the  form  of 
TDRTRI  and  RP  represent  the  coherent  sums  of  the 
reflected  signals  there  is  a  possibility  to  spend  a  clas¬ 
sification  of  AO  at  lower  entrance  relations  a  sig¬ 
nal/noise. 

Coherent  addition  of  signals  can  effectively  be 
used  and  in  algorithms  movement  parameters  mea¬ 
surement  AO.  The  method  of  detection  AO  and  mea¬ 
surements  since  their  speeds  in  RS  the  circular  review 
of  a  metric  range  [5]  is  developed,  for  example.  The 
problem  of  this  method  is  to  provide  RS  the  circular 
review  for  short  term  (commensurable  with  the  period 
of  one  turn  of  the  aerial  on  an  azimuth)  authentic  de¬ 
tection  AO  and  measurement  of  parameters  of  their 
movement  in  pre-affairs  of  all  surrounding  air  space, 
and  irrespective  of  type  of  impellent  installations  and 
a  movement  direction  AO.  The  method  uses  a  prin¬ 
ciple  of  compensation  of  phase  races  in  the  reflected 
signals  caused  by  movement  AO,  a  way  of  the  multip¬ 
lication  the  accepted  signals  on  the  special  phase  mul¬ 
tiplier  also  considering  possibility  of  presence  at 
object  of  radial  and  tangential  components  of  speed. 
At  the  correct  selection  of  a  phase  multiplier  the  re¬ 
flected  signals  become  in-phase,  and  the  vector  of 
their  coherent  addition  is  maximized.  Upon  the  max¬ 
imization  of  a  vector  of  the  coherent  sum  of  the  re¬ 
flected  signals  true  values  radial  and  tangential  since 
speed  of  movement  of  object  are  established.  The 
problem  of  the  compensation  of  negative  influence  of 
high-frequency  turbo-propeller  peak-phase  modula¬ 
tion  [6]  is  solving.  The  method  is  intended  for  the 
realization  in  survey  RS  the  metric  and  decimeter 
range,  used  for  the  control  of  air  space  in  radar¬ 
tracking  systems  of  double  appointment,  i.e.  carrying 
out  of  a  problem  of  detection  and  measurement  in 
interests  of  the  various  ministries  and  departments. 
Similar  radars  of  the  review  have  the  special  impor¬ 
tance  in  control  systems  of  air  traffic  and  in  landing 
radar-tracking  complexes  of  air  field  services  of  the 
ministry  of  civil  aircraft. 

The  advantages  of  coherent  integration  are  expe¬ 
dient  for  using  in  algorithms  identification  signs  AO, 
caused  by  display  of  turbo-propeller  effect  (TPE).  It  is 
especially  important  in  presence  of  noise  and  interfer¬ 
ing  influences  when  position  of  turbo-propeller  reflex- 
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ions  in  a  spectrum  is  shown  vaguely.  The  plan  of  ab¬ 
straction  of  the  first  turbo-propeller  components  F  is 
based  on  that  the  remaining  components  arise  on  mul¬ 
tiple  frequencies  nF  where  n  —  1, 2, ... .  The  gain- 

phase  parameters  of  multiple  turbo-propeller  compo¬ 
nents  are  connected  among  themselves  by  a  generality 
of  the  nature  of  their  occurrence.  So,  the  harmonic 
facts  can  be  put  with  the  account  of  phase  attacks,  i.e. 
to  spend  their  complex  addition  by  a  method  of  return 
transformation  of  Fourier.  Sequentially  touching 
prospective  frequency  positions  of  harmonics  TPE  in 
regard  to  a  glider  component  (at  exact  indemnification 
primary  Doppler  making  a  glider  component  in  a 
spectrum  occupies  zero  position  on  an  axis  of  fre¬ 
quencies),  upon  maximization  the  response  in  the 
pulse  characteristic  of  the  turbo-propeller  nature  it  is 
possible  unequivocally  to  determine  size  F  used  as  a 
sign  of  identification  AO. 

Thus,  coherent  integration  is  actively  used  now  in 
digital  algorithms  of  processing  of  the  radar-tracking 
information.  The  account  of  advantages  coherent  inte¬ 
gration  allows  not  only  to  raise  resulting  relation  a 
signal-noise,  but  also  to  create  new  methods  of  alloca¬ 
tion  of  parameters  of  movement  of  air  objects. 
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Abstract 

Interference  suppression  is  important  for  the  ultra-wideband  (UWB)  systems  to  op¬ 
erate  over  spectmm  occupied  by  pre-existing  narrowband  systems.  In  this  paper,  a 
spreading  sequence  selection  scheme  is  proposed  for  code-aided  interference  suppres¬ 
sion  in  direct-sequence  UWB  (DS-UWB)  systems.  Compared  with  a  randomly  selected 
spreading  sequence,  the  presented  scheme  can  ensure  the  system  achieves  suboptimal 
performance.  Compared  with  our  recently  proposed  eigenvector  sign  (EVS)  spreading 
sequence,  an  equalizer  can  be  avoided  for  high  speed  application  by  using  the  selected 
spreading  sequence,  which  reduces  the  complexity  of  system  implementation. 

Keywords:  Ultra-wideband  (UWB),  narrowband  interference  (NBI)  suppression. 


1.  Introduction 

Since  ultra-wideband  (UWB)  systems  are  planned  to  co¬ 
exist  with  other  legacy  narrowband  systems,  the  trans¬ 
mission  power  of  the  UWB  devices  is  strictly  limited  by 
the  FCC  so  that  the  pre-existing  narrowband  systems 
will  be  affected  by  the  UWB  signals  only  at  a  negligible 
level.  However,  these  narrowband  systems  may  cause 
severe  interference  to  the  UWB  system  which  may  jam 
the  UWB  receiver  completely  [1-3].  Hence,  interference 
suppression  is  very  crucial  to  UWB  systems. 

It  is  well  known  that  the  direct  sequence  (DS)  systems 
have  inherent  interference  suppression  capabilities.  How¬ 
ever,  when  the  spreading  gain  is  restricted  and  the  interfer¬ 
ing  signal  is  very  strong,  the  spreading  gain  cannot 
provide  sufficient  degree  of  interference  suppression  ca¬ 
pability.  In  this  case,  some  signal  processing  techniques 
must  be  employed  to  further  improve  the  system  perfor¬ 
mance.  The  early  narrowband  interference  (NBI)  suppres¬ 
sion  techniques  were  mainly  based  on  linear  predictors  or 
interpolators.  Further  performance  enhancement  was  ob¬ 
tained  by  using  nonlinear  filters.  Another  important  me¬ 
thod  of  NBI  suppression  is  the  code-aided  technique 
developed  in  [4].  It  was  shown  that  the  code-aided  tech¬ 
nique  significantly  outperforms  all  other  linear  or  nonli¬ 
near  methods  of  NBI  suppression.  Compared  with 
traditional  wideband  systems,  NBI  suppression  in  UWB 
systems  is  a  more  challenging  problem  due  to  the  re¬ 
stricted  transmission  power  of  UWB  devices.  The  authors 
of  [1]  investigated  NBI  suppression  in  time-hopping 
UWB  based  on  linear  interpolators.  The  nonlinear  predic¬ 
tion  filter  was  applied  to  a  single  user  DS-UWB  system  in 
[2].  In  [3],  we  extended  the  code-aided  interference  sup¬ 
pression  technique  to  DS-UWB  systems  and  introduced  a 
new  type  of  spreading  sequence  named  eigenvector  sign 
(EVS)  sequence,  which  significantly  improves  the  NBI 


suppression  capability  of  the  code-aided  technique.  Due  to 
the  lack  of  sharply  peaked  autocorrelation  for  the  EVS 
spreading  sequence,  some  type  of  inter-chip-interference 
(ICI)  mitigation  such  as  equalizer  is  required  for  very  high 
data  rate  applications,  which  increases  the  complexity  of 
the  receiver  [3].  In  this  paper,  we  propose  a  scheme  for 
finding  a  spreading  sequence  that  can  provide  suboptimal 
performance  while  also  has  good  autocorrelation  proper¬ 
ties,  thus,  an  equalizer  can  be  saved  which  reduces  the 
complexity  of  the  receiver. 

2.  Our  Previous  Work 

In  [3],  we  extended  the  code-aided  interference  sup¬ 
pression  technique  to  DS-UWB  systems.  The  output 
signal-to-interference-plus-noise  ratio  (SINR)  of  the 
code-aided  detector  is  given  by 

SINR  =  P[sT(Ri+a2nI)~1s\,  (1) 

where  P  is  the  power  of  the  received  DS-UWB  sig¬ 
nal,  s  is  the  spreading  sequence  vector,  R.  and  a2nI 

are  the  covariance  matrices  of  the  NBI  vector  and 
noise  vector,  respectively.  From  (1),  it  is  clear  that  the 
output  SINR  is  a  quadratic  form.  Thus,  for  a  given  P  , 
the  SINR  is  dependent  on  the  spreading  sequence  vec¬ 
tor  s  and  the  covariance  matrices  of  i  and  n  . 

Consider  a  quadratic  form  xT Ax  where  A  is  a  real 
symmetric  matrix,  it  is  known  that  when  x  takes  the 
eigenvector  corresponding  to  the  largest  eigenvalue  of 
A  ,  the  quadratic  form  xT  Ax  can  be  maximized  to  the 
value  equal  to  the  largest  eigenvalue  of  A  [3].  That  is, 
if  we  use  the  eigenvector  corresponding  to  the  largest 
eigenvalue  of  ( R .  +  cr2nI)~l  as  s ,  the  maximum  SINR 

(i.e.,  the  maximum  value  of  the  quadratic  form  in  (1)) 
could  be  obtained  which  equals  to  the  largest  eigenva- 
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lue  of  (R  +  a2nI)  1 .  However,  the  eigenvector  could 

not  be  used  directly  as  a  spreading  sequence  because 
the  spreading  sequence  can  only  take  values  of  ±1.  The 
underlying  idea  in  [3]  is  that  if  we  could  find  a  se¬ 
quence  taking  values  ±1  which  is  very  close,  in  terms 
of  angle  between  two  vectors,  to  the  eigenvector  cor¬ 
responding  to  the  largest  eigenvalue  of  (R  +  J)-1 , 

a  larger  SINR  can  be  obtained  which  is  close  to  the 
largest  eigenvalue  of  (R  +  .  According  to  [3], 

the  desired  spreading  sequence  s  is 

s  =  sgn(a;mJ  (2) 

where  xmax  is  the  eigenvector  corresponding  to  the 

largest  eigenvalue  of  (R.  +  J)-1  .  We  name  s  as 

the  eigenvector  sign  (EVS)  sequence.  It  has  been 
shown  that  the  EVS  sequence  can  provide  a  near¬ 
optimum  SINR  performance.  The  conditions  under 
which  the  EVS  sequence  can  potentially  be  used  as 
spreading  sequence  are  discussed  in  detail  in  [3]. 


3.  A  Spreading  Sequence  Selection 
Scheme 


Due  to  the  lack  of  sharply  peaked  autocorrelation  for 
the  EVS  sequence,  some  type  of  ICI  mitigation  such 
as  equalizer  might  be  required  for  very  high  rate  im¬ 
plementations  [3,  5],  which  increases  the  complexity 
of  the  receiver.  In  this  work,  we  propose  a  scheme  for 
finding  a  spreading  sequence  that  can  provide  subop¬ 
timum  output  SINR  while  also  has  good  autocorrela¬ 
tion  properties.  Thus,  an  equalizer  can  be  avoided  for 
high  speed  application  by  using  the  selected  spreading 
sequence,  which  reduces  the  complexity  of  the  receiv¬ 
er.  Base  on  the  idea  that  if  the  selected  spreading  se¬ 
quence  s  is  very  close,  in  terms  of  angle  between  two 
vectors,  to  the  eigenvector  corresponding  to  the  larg¬ 
est  eigenvalue  of  (R.  +  cr^J)-1 ,  a  larger  SINR  can  be 
achieved  which  is  close  to  the  largest  eigenvalue  of 
(R.  +  a2nI)  1 ,  we  propose  a  scheme  as  follows. 


Step  1)  Construct  a  set  of  m-sequences  {  s  , 
j  =  1,2,..., n  }. 

Step  2)  Obtain  the  largest  eigenvalue  Amax  and  the 
corresponding  eigenvector  xmax  of  (R.  +  . 

Step  3)  Compute  the  angle  0  between  sequence 
vector  s  and  eigenvector  x  ,9  is  given  by 


=  cos 


I  T 

S  X 

1  j  max 


j  =  1,2 (3) 


where  s'  x  is  the  inner  product  of  s  and  x  ,  II  s  II 

j  max  1  j  max  7  11  j  11 


and  II  a?  II  are  the  norms  of  s  and  x  ,  respectively. 

11  max  11  j  max  7  A  J 


•  Step  4)  Select  sk  as  the  desired  spreading  se¬ 
quence  where  0k  =  min{0.,  j  =  l,2,...,n}  ,  i.e., 


sk  is  the  closest  sequence  vector  to  the  vector 
x  in  the  set. 

max 

Note  that  for  the  sequence  vector  s  of  length  n  , 
||  s.  ||  is  \[n  .  For  a  given  (R.  +  a2J) ,  ||  xmax  ||  is  fixed. 
Consequently,  in  Step  3)  and  4),  computing  0  , 
1, 2, . . . ,  n  and  finding  the  spreading  sequence  sk 
that  yields  the  smallest  angle  9  is  equivalent  to  com¬ 
puting  the  inner  product  sj®max  (  j  =  l,2,...,n  )  and 
finding  the  sequence  sk  that  provides  the  largest 
|  skxmax  |  ,  thus,  the  computation  of  9.  is  unneces¬ 
sary,  we  only  need  to  calculate  sTx  which  reduces 
the  computational  complexity  in  step  3). 

4.  Computational  Complexity 
Analysis 

As  pointed  out  in  [3],  it  is  an  NP-hard  problem  to  find  the 
spreading  sequence  that  maximizes  the  SINR  in  (1).  Our 
proposal  provides  a  less  complex  approach  to  obtain  a 
spreading  code  that  yields  a  sub-optimum  SINR.  Suppose 
one  primitive  polynomial  of  degree  r  is  used  to  constmct 

a  set  of  m-sequences  of  length  n  ,  where  n  =  2r  —  1 . 
Hence,  there  are  n  m-sequences  in  the  set  that  consists  of 
an  m-sequence  and  n  —  1  circular-shifted  versions  of 
itself.  The  computation  of  the  proposed  scheme  mainly 
involves  two  operations.  One  is  the  computation  of  the 
largest  eigenvalue  and  the  corresponding  eigenvector  of 

(R.  +  a^iy1  at  a  cost  of  0(n2)  [3].  Another  is  the 
computation  of  n  inner  products  with  complexity 
0(n2  ) .  Consequently,  the  computation  complexity  of  the 

proposed  scheme  is  also  0(n2  ) .  An  alternative  solution  to 
find  the  m-sequence  that  yields  the  maximum  SINR  is  by 
using  exhaustive  search,  which  needs  to  calculate  n  qua¬ 
dratic  forms  and  involves  0(n3)  operations.  It  is  more 
complex  than  the  proposed  scheme. 

5.  Numerical  Results 

Length  15  and  31  m-sequence  sets  are  evaluated1.  The 
NBI  signal  is  modeled  as  a  passband  Gaussian  process 
[1,  3]  with  carrier  frequency  fc  =5.8  G  and  band¬ 
width  B  =  54  M,  the  chip  rate  is  220  M.  Simulations 
are  conducted  using  the  CM1  IEEE  802.15.3a  channel 
models  [5].  Partial-Rake  (PRake)  is  evaluated  which 

combines  the  Lp  =  5  first  arriving  paths  and  maximal 
ratio  combining  (MRC)  is  applied  to  the  outputs  of 
code-aided  detectors  of  the  Lp  fingers.  Without  loss 


1  Length  12  and  24  ternary  spreading  codes  are  adopted  by  the 
802.15.3a  DS-UWB  proposal.  It  has  been  shown  in  [6]  that  m- 
sequences  are  more  effective  for  mitigating  the  ICI  than  ternary 
spreading  codes  if  BPSK  modulation  is  employed. 
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of  generality,  we  assume  the  total  received  UWB  sig¬ 
nal  power  of  the  L  paths  is  1  jliW,  that  is 

l 

Ep,=  4W,  (4) 

1=1 

where  P  is  the  received  UWB  signal  power  of  the  /  th 
path.  The  noise  power  is  held  constant  at  0.01  jaW,  while 
the  interference  power  varies  from  103  to  104  jaW.  In 
Fig.  1  (a)  and  Fig.  2  (a),  for  a  given  interference  power, 
the  m-sequences  providing  the  maximum  and  minimum 
SINR’s  are  obtained  by  an  exhaustive  search  over  the 
entire  set  for  the  purpose  of  performance  comparison. 
The  curve  of  SINR  performance  of  a  randomly  selected 
spreading  sequence  will  fall  into  an  area  between  the 
curves  of  maximum  SINR  and  minimum  SINR.  The 

BER  is  obtained  by  sending  106  data  symbols  for  each 
given  NBI  power  value.  The  results  shown  in  Fig.  1  and 
Fig.  2  are  averages  of  100  channel  realizations.  Com¬ 
pared  with  a  randomly  selected  spreading  sequence,  the 
selected  m-sequence  obtained  by  the  proposed  scheme 
can  ensure  the  system  achieves  suboptimal  performance. 
Note  that  in  Fig.  1,  the  maximum  SINR  curve  and  the 
SINR  performance  curve  of  the  selected  sequence  almost 
coincide  with  each  other. 

6.  Conclusion 

Base  on  the  fact  that  the  output  SINR  of  the  code-aided 
NBI  suppression  technique  depends  on  the  statistical  cha¬ 
racteristic  of  the  interference  and  the  spreading  sequence, 
we  propose  a  spreading  sequence  selection  scheme.  Nu¬ 
merical  results  show  that  the  code-aided  technique  can 
achieve  a  suboptimal  SINR  by  employing  the  properly 
selected  spreading  sequence.  Compared  with  our  recently 
proposed  EVS  spreading  sequence,  the  selected  spreading 
sequence  has  good  autocorrelation  properties,  which  help 
to  combat  the  ICI  for  very  high  data  rate  applications  and 
reduce  the  system  complexity  at  the  receiver. 
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Fig.  1.  Performance  against  NBI  using  selected 
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(b)  BER 

Fig.  2.  Performance  against  NBI  using  selected 
spreading  sequence  of  length  3 1 . 
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Abstract 

In  article  necessity  of  measurement  and  the  account  for  systems  of  constmction  of 
radar- tracking  images  of  parameters  trajectory  instability  flight  is  proved.  The  me¬ 
thod  of  an  estimation  of  the  law  of  change  of  angular  speed  of  turn  of  the  air  target  on 
sequence  range  profiles  is  offered.  The  estimation  of  reliability  of  the  received  infor¬ 
mation  is  made  at  decrease  in  the  relation  a  signal/noise. 

Keywords:  Range  profiles,  trajectory  instability  flight. 


One  of  perspective  directions  in  radiolocation  is  con¬ 
struction  and  the  analysis  of  radar  images.  Thus  the 
two-dimensional  images  reflecting  an  arrangement  of 
brilliant  points  on  a  surface  of  the  aircraft  on  coordi¬ 
nates  of  inclined  and  cross  range  are  considered  as  the 
most  informative.  The  allowing  along  a  sighting  line  is 
provided  due  to  use  of  superbroadband  signals  or  sig¬ 
nals  with  reorganization  of  a  carrier  frequency.  In  a 
direction,  perpendicular  sighting  lines  of  the  purpose, 
the  allowing  of  brilliant  points  is  provided  with  the  help 
of  a  method  of  inverse  synthetic  aperture  radar  imag¬ 
ing.  Thus  the  greatest  complexity  is  represented  with 
the  due  to  of  agency  trajectory  instability  (TI)  flight  for 
angular  speed  of  change  of  a  foreshortening  of  the  pur¬ 
pose.  Now  a  series  of  ways  of  an  estimation  of  parame¬ 
ters  TI  flight  of  the  purpose  with  the  help  correlation 
characteristics  (CC)  [1]  and  characteristics  speeds  of 
change  of  the  diagram  of  backscattering  (CSCDB)  [2] 
sequences  of  the  signals  reflected  from  the  target  is 
developed.  Deficiency  of  the  specified  ways  is  that 
their  implementation  is  possible  only  at  tall  relations 
signal/noise  as  machining  of  the  reflected  signals  does 
not  assume  their  accumulation  with  the  help  of  direct 
addition  or  engaging  of  algorithms  of  Fourier  trans¬ 
form.  Besides  use  of  these  ways  at  construction  of  radar 
images  demands  addition  in  signals  with  reorganization 
of  frequency  of  monofrequent  pulses. 

At  change  of  a  target  aspect  ratio  for  due  to  trajec¬ 
tory  instability  distances  up  to  separate  brilliant  points 
change  unequally.  Owing  to  an  interference  of  the 
signals  reflected  from  separate  brilliant  points  in  lim¬ 
its  range  of  an  element,  the  amplitude  and  a  phase 
making  range  profiles  (RP)  eventually  will  change. 
The  more  angular  speed  of  change  target  aspect  ratio, 
the  will  be  more  significant  a  difference  between  the 
same  elements  contiguous  RP.  Thus,  for  an  estimation 
of  angular  speed  of  turn  of  the  target  it  is  necessary  to 
analyze  speed  of  change  of  complex  amplitude  of  the 
same  elements  of  sequence  RP.  The  most  expedient  is 


the  finding  of  magnitude  of  changes  sinus  and  cosines 
quadrature  components  contiguous  RP  as  they  contain 
the  information,  both  on  amplitude  and  on  a  phase  of 
the  given  element  of  range. 

In  this  case  formation  trajectory  characteristics  (TC) 
will  be  will  be  defined  by  the  following  expression 
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where  \H,  cos<A  and  if,  sin<A  -  accordingly 

sinus  and  cosines  quadrature  components  RP;  if  - 
quantity  of  elements  in  RP;  k  -  element  number  in 
RP;  n  =  1, . . . ,  N  —  1  -  serial  number  of  RP. 

In  interests  of  decrease  of  agency  of  noise  on  form 
TC  for  machining  it  is  necessary  to  use  only  those 
elements  RP  in  which  there  are  reflections  from  scat¬ 
tering  centre  of  the  sail  plane  of  the  target.  For  this 
purpose  in  first  RP  numbers  of  elements  k  are  defined, 
the  amplitude  of  a  signal  in  which  exceeds  the  estab¬ 
lished  threshold  level  determined  by  an  average  level 
of  noise  which  can  be  calculated  as  arithmetic-mean 
amplitudes  of  all  elements  RP.  Formation  TC  is  expe¬ 
dient  for  carrying  out  by  comparison  of  complex  am¬ 
plitudes  only  in  these  elements  RP. 

Formed  TC  reflects  only  character  of  change  of  an¬ 
gular  speed  target  aspect  ratio,  instead  of  its  absolute 
value.  Therefore  received  with  the  help  of  expression 
(1)  characteristic  is  necessary  for  normalizing. 

For  check  of  serviceability  and  efficiency  of  an  of¬ 
fered  way  imitating  modeling  reflection  from  the  plane 
such  as  B-52,  making  flight  with  the  following  parame¬ 
ters  was  used:  range  of  30  km,  height  of  1000  m,  an  ini¬ 
tial  aspect  ratio  33°,  speed  of  100  m/s.  Thus  rovings  a 
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glider  of  the  plane  for  the  due  to  TI  flight  with  amplitude 
2°  and  angular  speed  1,5  °/sec  were  modeled.  For  con¬ 
struction  of  everyone  RP  reflections  of  128  signals  with 
reorganization  of  frequency  in  a  range  of  150  MHz  and 
the  period  of  following  30  mkc  were  used. 

In  Fig.  1  it  is  present  TC,  generated  by  results  of  the 
described  imitating  modeling  with  the  help  of  expression 
(1).  For  an  opportunity  of  an  estimation  of  the  received 
results  in  Fig.  1  dashed  line  present  true  law  of  change  of 
angular  speed  of  rotation  of  the  purpose. 

Originally  formed  TC  has  very  bluffy,  and  for  con¬ 
venience  of  search  of  locals  extremums  carry  out  its 
smoothing.  That  at  smoothing  to  not  lose  the  information 
on  position  of  groups  of  the  reflected  signals  correspond¬ 
ing  to  various  angular  speed  of  rotation  of  the  target, 

duration  of  the  individual  sample  T  used  for  smoothing 
TC,  should  not  exceed  a  quarter  of  minimal  period  TI 
7U  .  The  amount  of  readout  TC  N  used  for  its  smooth- 

11  c 

ing,  in  this  case  should  not  exceed  the  relation  of  a  quar¬ 
ter  of  period  TH  to  time  of  formation  of  one  RP  T 

N(  <  Tti  /  4 Trt  .  That  is,  time  of  accumulation  Nc  of 

readout  for  smoothing  TC  should  not  exceed  Tn  /  4  .  In 

view  of  it  expression  for  calculation  of  values  smoothed 
TC  can  be  presented  as 

1  Nc 

u  = — Vu  (2) 

sm  n  -\t  Z _ J  n+m-Nc/2  v  7 

c  m= 1 

Fivefold  smoothing  generated  TC  a  method  sliding 
average  (at  Nc  =  100 )  transforms  TC  to  a  kind 
shown  in  Fig.  2. 

Smoothed  TX  almost  authentically  displays  the  law 
of  change  of  angular  speed  of  turn  of  the  target.  It  is 
necessary  to  take  into  account,  that  formation  TC  was 
made  at  absence  of  noise.  It  is  obvious,  that  the  given 
destabilizing  factor  will  render  negative  influence  on 
selfdescriptiveness  as  TC,  and  developed  before  ways. 

At  high  relation  signal/noise  ( q  =  40  dB  and 
more)  all  estimated  characteristics  precisely  enough 


Fig.  1.  Trajectory  characteristic  of  the  plane  B-52. 


Fig.  2.  Trajectory  characteristic  of  plane  B-52  after 
smoothing. 


reflect  the  law  of  change  of  angular  speed  of  turn  of 
the  target.  At  reduction  of  the  relation  signal/noise  in 
estimated  characteristics  the  distortions  shown  in 
change  of  their  form  and  essential  reduction  of  depth 
of  modulation  start  to  arise.  For  increase  in  depth  of 
modulation  of  estimated  characteristics  and  their  pre¬ 
servation  selfdescriptiveness  it  is  offered  to  carry  out 
them  normalization  in  limits  from  0  up  to  1 .  The  re¬ 
sult  of  use  of  the  given  procedure  at  formation  of  es¬ 
timated  characteristics  for  the  relation  q  =  5  dB  is 
resulted  in  Fig.  3. 

Normalization  in  limits  from  0  up  to  1  gives  more 
visual  mapping  estimated  characteristics  and  allows  to 
compare  them  to  true  legitimacy  of  change  of  an  an¬ 
gular  velocity  of  turn  of  the  target.  Effect  of  noise 
results  to  that  at  q  =  5  dB  the  CSCDB  undergoes 
rather  significant  deformation  and  does  not  represent 
the  true  law  of  an  angular  velocity  of  twirl  of  the  pur¬ 
pose.  The  CC  in  part  saves  the  selfdescriptiveness,  but 
in  it  the  additional  undershootings  essentially  worsen¬ 
ing  possibility  of  its  practical  usage  start  to  appear. 
Trajectory  characteristic  of  noticeable  deformation 
does  not  undergo.  It  is  stipulated  by  that  for  its  form¬ 
ing  signals  after  conducting  the  Fourier  transforms 
having  at  the  expense  of  storage  much  the  higher  ratio 
signal/noise  use.  Thus  antijamming  ability  TC  that 
will  be  higher,  than  a  lot  of  frequencies  uses  in  signals 
with  modification  of  frequency  for  forming  RP. 

For  quantitative  matching  efficiency  and  stability 
of  the  offered  way  with  earlier  known  ways  in  condi¬ 
tions  of  the  increased  level  of  noise  it  is  offered  to  use 
estimations  Z.  under  the  least  squares  method  [3], 
calculated  for  everyone  j  th  relation  signal/noise 


where  u  -  value  of  the  estimated  characteristic 

sm  n 

normalized  from  0  up  to  1,  uTIn  is  true  legitimacy  of 

change  of  an  angular  speed  of  turn  of  the  target  nor¬ 
malized  from  0  up  to  1 . 

In  Fig.  4  results  of  a  quantitative  estimation  of  cor¬ 
respondence  of  the  surveyed  estimated  characteristics 
to  the  real  law  of  change  of  an  angular  speed  of  turn 
of  aspect  ratio  of  the  target  are  instanced  at  q  from  -7 
up  to  25  dB.  In  interests  of  rise  of  visualization  of 
schedules  smoothing  the  obtained  results  was  made. 


Fig.  3.  Estimated  characteristics  generated  at  the 
relation  q  =  5  dB  and  use  normalization 
from  0  up  to  1 . 
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Fig.  4.  Quantitative  estimation  of  selfdescriptiveness 
estimated  characteristics  at  various  relation 
signal/noise. 


The  estimation  under  the  least  squares  method 
shows,  that  at  the  relation  q  =  20  dB  and  more  esti¬ 
mated  characteristics  of  essential  differences  have  no 
signal  /  noise  (Z  =  21. ..25).  At  lowering  up  to 
q  —  10  dB  the  increase  in  estimations  Z  describing 
errors  of  forming,  for  CC  Z  =  50 ,  for  CSCDB 
Z  =  140 ,  while  similar  deformation  in  TC  start  to 
originate  only  at  q  =  —  1  dB  ( Z  =  49 )  is  observed.  It 
allows  to  make  a  conclusions  on  applicability  TC  for 


analysis  TI  of  flight  at  much  lower  relation  sig¬ 
nal/noise,  in  comparison  with  known  ways. 

Thus,  the  offered  way  allows  to  form  reliable  esti¬ 
mations  of  the  law  of  change  of  an  angular  speed  of 
turn  of  the  target  at  considerably  lower  relation  sig¬ 
nal/noise,  in  comparison  with  known  ways.  The  way 
can  be  recommended  for  usage  in  systems  of  con¬ 
struction  of  radar  images  for  their  adapting  to  agency 
TI  of  flight. 
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Abstract 

Research  works  on  biological  effects  of  ultrawideband  pulsed  radiation  which 
were  realized  in  the  Kharkiv  National  University  are  summarized.  Investigations 
were  done  on  different  biological  objects:  human  cells,  Artemia  sp.,  Drosophila  me- 
lanogaster.  Biological  effects  of  ultrawideband  pulsed  radiation  were  observed  in  a 
range  from  10'6  to  10'2  W/cm2.  Different  experimental  models  revealed  different  sen¬ 
sitivity  to  low-level  radiation.  The  most  sensitive  to  low-level  radiation  was  the  Ar¬ 
temia  sp.  hatching  percentage  (10~6  Wcm2).  Human  cells  were  less  sensitive  to 
radiation  (10~4  W/cm2).  Irradiation  of  more  power  (10'3  W/cm2)  induced  dominant  le¬ 
thal  mutations  (DLM)  in  Drosophila.  In  our  opinion,  the  most  appropriate  method  for 
assessment  of  biological  effects  of  irradiation  is  evaluation  of  heterochromatin  gra¬ 
nules  quantity  (HGQ)  in  human  cells. 

Keywords:  Buccal  epithelium  cells,  Drosophila  melanogaster ,  Artemia  sp., 
heterochromatin  granules  quantity,  dominant  lethal  mutations. 


1.  Introduction 

Ultrawideband  radiation  is  widely  applied  in  technique 
but  its  biological  effects  are  not  enough  investigated.  In 
the  work  [1]  the  effects  of  ultrawideband  irradiation  on 
the  rate  of  biochemical  reactions  and  cell  membrane 
properties  are  demonstrated.  Series  of  works  were  rea¬ 
lized  in  the  Kharkiv  National  University  demonstrate 
biological  effects  of  ultrawideband  pulsed  irradiation  on 
human  cells  [2],  mutation  rate  in  Drosophila  [3],  Arte¬ 
mia  sp.  hatching  and  chromatin  structure  [4],  but  com¬ 
parative  analysis  of  this  effects  was  not  done  before. 

2.  Materials  and  Methods 

2. 1 .  Biological  Objects 

In  our  investigations  we  used  different  biological  ob¬ 
jects. 

Human  buccal  epithelium  cells  were  obtained  from 
donors  of  different  age  (from  17  to  53).  Cells  were  ob¬ 
tained  from  the  inner  surface  of  cheek  by  sterile  spatula 
and  placed  in  buffer  solution  of  the  following  composi¬ 
tion:  2.89  mM  calcium  chloride,  and  3.03  mM  phosphate 
buffer,  pH  =  7.0.  Irradiation  of  cells  was  realized  in  a 
drop  of  cell  suspension  (10  jlxI)  placed  on  the  glass  slide. 
Immediately  or  after  a  definite  period  of  time  after  irrad¬ 
iation  cells  were  stained  by  2%  orcein  solution  in  45% 
acetic  acid.  In  stained  cells  heterochromatin  granules 
quantity  (HGQ)  was  counted.  In  each  variant  of  experi¬ 


ment  the  30  nuclei  were  analyzed.  The  mean  HGQ  and 
standard  error  of  the  mean  was  calculated. 

We  used  Drosophila  melanogaster  (stock  Canton-S) 
in  our  experiments.  Drosophila  was  cultivated  in  stan¬ 
dard  conditions  (25°C,  on  yeast  medium).  The  viability 
of  Drosophila  melanogaster  after  irradiation  was  eva¬ 
luated  by  the  quantity  of  adult  insects  developed  from 
the  irradiated  eggs  of  one  synchronic  laying.  Eggs  were 
hatched  during  3  hours  by  30  Drosophila  females  of  7 
day  age.  The  frequency  of  dominant  lethal  mutations 
(DLM)  was  determined  by  the  standard  method  [5].  We 
counted  quantity  of  eggs  in  hatchings  made  by  10  pre¬ 
viously  irradiated  Drosophila  females  during  8  hours. 
The  frequency  of  eggs  stopped  their  development  9 
hours  after  laying  was  used  as  a  early  dominant  lethal 
development  mutations  frequency.  The  frequency  of 
eggs  stopped  their  development  later  than  9  hours  after 
laying  was  used  as  a  late  dominant  lethal  development 
mutations  frequency.  The  frequency  of  mutations  in  non- 
irradiated  Drosophila  females  was  used  as  a  control. 

We  also  used  Artemia  sp.  as  model  object  in  our  in¬ 
vestigations.  Crustacean  of  the  order  Anostraca  (class 
Branchiopoda )  Artemia  sp.  lives  in  salt  water  lakes 
throw  ought  the  world.  In  our  experiments  we  used  air 
dry  cists  of  Artemia  stored  before  experiment  at  a  room 
temperature  for  3  years.  The  viability  of  Artemia  cists 
was  assessed  by  hatching  percentage.  Cists  hatched  in 
salt  water  (35%o)  for  48  hours.  After  irradiation  before 
hatching  cists  were  stored  for  20  days.  In  nauplia  (lar¬ 
vae)  we  estimated  the  number  of  HGQ. 
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In  all  experiments  we  used  “blind”  method  and 
sham  operated  control.  All  data  were  processed  by  t- 
Student  method  and  ANOVA  test. 

2.2.  Exposure  of  Samples 

We  used  original  experimental  setup  developed  at  the 
Department  of  Theoretical  Radiophysics.  The  short  pulse 
generator  formed  the  sequence  of  pulses  with  amplitude 
25  V  and  a  pulse  duration  500  ps  at  the  half  of  pulse 
height.  Pulses  were  emitted  at  series  with  iteration  fre¬ 
quency  1  MHz.  The  surface  power  of  irradiation  was  in 
the  range  from  10"6  to  10"2  W/cm2.  The  temporal  and 
frequency  characteristics  of  impulse  are  presented  in 
Fig.  1.  Exposure  time  in  all  experiments  was  10  s. 

3.  Results  and  Discussion 

The  data  obtained  on  Artemia  revealed  the  hatching 
stimulation  even  at  the  lowest  of  tested  of  pulse  ultra- 
wideband  irradiation  intensity  (10"6  W/cm2)  (Fig.  2). 

As  one  can  see  effect  of  hatching  stimulation  is  of 
trigger  type  -  increase  of  irradiation  power  does  not 
result  in  increase  of  biological  effect. 

Ultrawideband  pulsed  irradiation  induced  an  increase 
of  the  HGQ  in  new-bom  Artemia  nauplia  (Fig.  3). 

As  a  test  object  we  also  used  the  cells  of  human 
buccal  epithelium.  Pulse  irradiation  induced  chroma¬ 
tin  condensation  in  this  type  of  cells,  but  the  sensitivi¬ 
ty  of  cells  of  different  donors  to  irradiation  was 
different.  The  power  of  10"4  W/cm2  induced  an  in- 


Fig.  1.  Time  characteristics  of  test  impulse. 
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crease  of  HGQ  in  cells  of  all  donors  (Fig.  4) 

The  phenomenon  of  chromatin  condensation  under 
the  influence  of  low-level  pulse  irradiation  is  reversible. 

For  irradiation  of  power  10"3  W/cm2  the  cell  recov¬ 
ery  was  observed  after  2  hours,  but  for  10"2  W/cm2  it 
was  not  observed  at  all  [2]. 

Drosophila  melanogaster  fecundity  proved  to  be 
stable  to  low-level  pulsed  irradiation:  exposure  of 
Drosophila  eggs  to  irradiation  in  the  range  of  10"5  - 
10"2  W/cm2  do  not  influenced  the  number  of  adult 
insects  developed  from  the  synchronized  leis  (Fig.  5). 
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Fig.  3.  Influence  of  ultrawideband  pulse  irradiation 
on  the  state  of  chromatin  in  Artemia  cell 
nuclei,  from  [4],  with  changes. 
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Fig.  4.  Influence  of  ultrawideband  pulse  irradiation 
on  the  state  of  chromatin  in  buccal  epithe¬ 
lium  cell,  from  [2]. 


Fig.  2.  Influence  of  ultrawideband  pulsed  irradia¬ 
tion  on  hatching  %  of  Artremia,  from  [4], 
with  changes 


Fig.  5.  The  number  of  flies  developed  from  syn¬ 
chronous  hatches  irradiated  by  ultrawide¬ 
band  pulse  irradiation,  from  [3]. 
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On  the  other  hand,  pulsed  irradiation  induced  do¬ 
minant  lethal  mutations  (DLM)  as  it  was  revealed  by 
the  egg  test  [5]  (Fig.  6). 

The  effect  of  DLM  induction  depends  on  the  irrad¬ 
iation  power.  The  effects  were  observed  at  the  irradia¬ 
tion  power  of  1  O'4- 1  O'2  W/cm2. 

Comparing  the  results  obtained  applying  different 
experimental  model  systems  one  can  conclude  that  the 
lowest  power  threshold  for  sensitivity  of  different 
biological  systems  to  the  ultrawideband  pulsed  radia¬ 
tion  is  10"4  W/cm2.  Human  cells  are,  to  our  opinion, 
the  object  that  most  accurately  reflects  the  sensitivity 
of  the  human  organism  to  external  effects.  Therefore, 
we  proposed  to  evaluate  the  biological  impact  of  ul¬ 
trawideband  radiation  by  the  effect  of  chromatin  con¬ 
densation  in  human  buccal  epithelium  cells  [6}. 

4.  Conclusion 

Ultrawideband  pulsed  irradiation  reveals  great  biolog¬ 
ical  activity.  Even  at  a  short  exposure  time  (10  s)  the 
significant  changes  in  nuclear  chromatin  condensation 
within  the  range  of  power  of  10"6  -  10"2  W/cm2  ( Arte - 
mia)  and  10"4  -  10"2  Wcm2  (human  cells)  are  induced. 

On  the  organism  level  the  ultrawideband  pulsed  ir¬ 
radiation  induces  increase  of  Artemia  hatching  (10-6  - 
10-2  W/cm2)  and  DLM  induction  in  Drosophila  (10-4 
-  10-2  W/cm2),  but  not  induces  changes  in  fecundity 
of  Drosophila. 

Summing  up,  all  tested  biological  objects  reveal  the 
close  sensitivity  to  ultrawideband  pulsed  radiation, 
the  minimal  power  density  that  induces  biological 
effect  at  exposure  time  10  s  in  different  experimental 
models  (except  Artemia)  is  about  10"4  W/cm2.  Human 
buccal  epithelium  cells  are  the  most  adequate  object 
for  investigations  of  human-related  biological  effects 
of  ultrawideband  pulsed  radiation  and  may  be  recom¬ 
mended  for  laboratory  test  assay  of  biological  effects 
of  low-level  ultrawideband  pulsed  radiation. 
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Abstract 

This  article  describes  creating  principles  of  the  device  intended  for  round-the- 
clock  human  breath  and  heart  rate  monitoring.  This  device  can  be  used  in  intensive 
care  unit’s  and  bums  departments,  maternity  hospitals  and  also  by  EMERCOM  em¬ 
ployees.  Heart  rate  detection  is  possible  because  of  the  Doppler  effect.  The  Doppler 
frequency  selection  is  based  on  the  homodyne  method  of  signal  conversion. 

Keywords:  Heart  rhythm,  homodyne  method,  radar,  Doppler  effect. 


1.  Introduction 

In  the  medicine  of  the  critical  states  the  problem  of 
the  clinical  observation  takes  a  special  place  because 
the  patient’s  current  condition  tracking  can  have  es¬ 
sential  importance.  Physician  getting  the  information 
which  describes  the  control  processes  of  the  main 
vital  signs  by  monitoring  the  patient’s  heart  rate.  Uti¬ 
lization  of  this  information  is  the  perspective  human 
body’s  state  control  method.  Currently,  medical 
equipment  intended  for  round-the-clock  patient  state 
monitoring  is  bulky  and  has  a  direct  contact  with  pa¬ 
tient’s  body.  This  equipment’s  sensors  are  connected 
with  external  recording  equipment  by  tubes  and  wires. 
For  the  critical  patients  in  intensive  care  units  and 
bum  departments  such  contact  creates  discomfort 
condition.  In  addition,  it  is  undesirable  to  use  on  the 
patients  with  heavy  skin  wounds.  The  last  statement  is 
also  refers  to  the  newly-bom  babies  state  controlling, 
especially  to  the  prematurely  bom  children  state  con¬ 
trolling.  The  real  need  in  physiological  parameters 
remote  detection  exists. 

2.  Main  Part 

The  developed  device  pointed  to  solve  the  problem  of 
the  heart  rate  and  breath’s  parameters  non-contact 
monitoring.  This  can  be  achieved  by  applying  the 
method  for  diagnosing  the  human’s  vascular  system 
quality  using  a  pulse  wave  velocity  narrowband  mea¬ 
suring  device.  The  device  is  based  on  the  method  of 
probing  the  human  body  by  electromagnetic  waves. 
The  radar  probing  main  advantage  is  the  ability  of 
electromagnetic  waves  to  spread  in  a  variety  of  dielec¬ 
tric  media  with  a  high  degree  of  heterogeneity  and, 
besides,  it  is  possible  “sensing  reflection”,  i.  e.  when 
transmitter  and  receiver  located  at  the  same  side  of  the 
object.  The  study  of  complex  environments  with  one¬ 
sided  approach  is  the  main  area  of  the  radar  probing 


application.  Radio  locators,  used  in  these  cases, 
known  as  subsurface  in  the  literature  [1-3]. 

In  human’s  bodies,  objects  which  have  more  or  less 
periodic  fluctuations  are  the  reduction  of  the  heart  mus¬ 
cle  (the  frequencies  range  (0.8. ..3)  Hz)  and  fluctuations 
in  ore  cell  in  the  respiration  process  (the  frequency  range 
(0.1... 0.5)  Hz).  The  particular  frequency  determines  by 
physical  activity  and  body  condition  of  the  subject. 
When  probing  the  human  body,  electromagnetic  waves 
reflect  from  the  media  interfaces  with  different  inductive 
capacity  whose  value  primarily  depends  on  the  blood 
percentage  in  a  given  organ  of  the  body.  The  strongest 
reflections  are  possible  from  the  interfaces  air  -  chest, 
the  chest  -  the  lungs,  as  well  as  from  the  interface  the 
body  tissue  -  blood.  The  latter  is  especially  contrasted  to 
the  heart  and  to  large  vessels. 

Consider  the  principle  of  the  suggested  device 
(Fig.  1).  The  device  consists  of  microwave  oscillator 
(MWO),  microwave  amplifier  (MW A),  directional 
coupler  (DC),  two  antennas  (Al)  and  (A2),  mixer 
(MIX),  low-frequency  amplifiers  (LFA),  low-pass 
filter  (LPF),  microcontroller  system  (MC),  and  per¬ 
sonal  computer  (PC). 

Antenna  Al  is  a  transmitter’s  one,  antenna  A2  is  a 
receiver’s  one.  The  amplified  with  high-frequency 


Fig.  1.  The  device  functional  scheme. 
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amplifier  HFA  signal  from  the  high  frequency  genera¬ 
tor  HFG  feeds  antenna  Al. 

The  irradiation  of  the  human  organism  with  a  har¬ 
monic  signal  with  a  frequency  of  about  1,5  GHz 
forms  the  reflected  from  the  human  body  wave.  Due 
to  the  blood  movement  through  the  vessels,  the  re¬ 
flected  from  the  human  body  wave  has  an  extended 
spectrum.  Highlighting  the  Doppler  frequency  shift  by 
comparing  the  incident  and  reflected  from  the  human 
body  waves,  we  can  determine  the  heart  rate. 

The  part  of  falling  microwave  power  (through  di¬ 
rectional  coupler)  and  the  reflected  from  the  human 
body  microwave  power  (through  the  antennas  Al  and 
A2)  both  arrives  at  the  mixer  M  and  the  mixer’s  out¬ 
put  signal  with  a  difference  frequency  is  formed.  This 
scheme  is  called  homodyne,  and  upon  very  high  fre¬ 
quency  of  the  fundamental  signal  it  allows  to  high¬ 
light  the  frequency  of  the  Doppler  shift,  which  in  our 
case  will  be  the  only  units  Hertz. 

We  use  the  single-frequency  operation  matter  as 
we  don’t  need  in  distance  determination,  as  it  was 
described  in  previous  researches.  The  demands  on 
antenna  design  are  not  rigid  in  this  case. 

The  reflected  microwave  signal  is  very  weak  and  it 
presences  on  a  basis  of  noise.  Low  frequency  signal, 
cleaned  from  noise  and  amplified  (through  low-pass 
filter  and  two- stage  low-frequency  amplifier),  enters 
for  further  processing  into  the  analog-digital  converter 
of  the  microcontroller. 

In  any  case,  the  signal  which  is  presented  on  an  in¬ 
put  of  microcontroller  system  is  not  regular.  This  sig¬ 
nal  consists  from  several  spectral  components  and  the 
result  signal  is  the  sum  of  these  components.  These 
components  are  caused  by  human’s  breath,  human’s 
heartbeat,  human’s  movement,  and  movement  of  per¬ 
sonnel  and  other  things  in  nearby  proximity  to  person 
under  the  test.  So,  we  can  not  use  the  simplest  signal 
processing  procedure  to  discriminate  each  of  these 
signals,  at  least  two  of  them:  signal  which  corres¬ 
ponds  to  human’s  breath  and  signal  which  corres¬ 
ponds  to  human’s  heartbeat. 

Microcontroller  carries  out  the  spectral  analysis  of 
this  composite  signal.  Certain  requirements  are  main¬ 
tained  to  the  microcontroller  as  the  spectral  analysis 
must  be  carried  out  in  real  time.  Microcontroller  must 
have  essential  memory’s  volume  and  essential  speed. 
We  used  microcontroller  of  Microchip  PIC32  family 
in  presented  application.  The  number  of  digits  in  32 
lets  us  to  implement  needed  speed  of  signal 
processing  in  real  time. 

Microcontroller  System  consists  of  proper  micro¬ 
controller,  LCD  display  and  interface  to  PC.  We  im¬ 
plemented  USB  interface  in  order  to  communicate  to 
PC.  Mentioned  interface  was  more  complicated  than 
ordinary  RS232  one,  but  last  interface  usually  is  not 
supported  in  modem  laptops. 

The  appearance  of  the  prototype  device  is  shown  in 
Fig.  2. 

The  device  measures  heart  rate  and  breathing  of  the 
patient  remotely  and  without  contact  at  a  distance  of 


Fig.  2.  Appearance  of  the  prototype  device. 

30  cm  to  2  m.  Output  information  in  the  form  of  nu¬ 
merical  values  of  respiration  and  heart  rate  after  fixed 
time  interval  (1  minute,  for  example)  is  shown  on  the 
device’s  LCD  and  is  transmitted  to  PC  by  the  com¬ 
munication  channel.  PC  lets  us  to  save  the  history  of 
controlled  parameters,  which  is  essentially  useful  for 
medical  observations  and  diagnosis.  Described  device 
can  operate  as  stand  alone  unit  as  well. 

Also,  the  device  calculates  the  important  for  clini¬ 
cians  indices  of  heart  rate  variability,  namely,  mode, 
mode  amplitude,  variation  swing  and  tension  index  (a 
method  of  variation  pulsometry). 

3.  Conclusion 

The  main  feature  of  the  proposed  device  is  the  imple¬ 
mentation  of  reading  information  by  non-contact  way, 
through  clothing,  and  there  are  no  adverse  effects  on 
human.  There  is  availability  and  adjustment  possibili¬ 
ty  to  change  the  data-acquisition  process  (duration  of 
a  deposition,  sensitivity,  etc.)  via  computer  interface; 
there  is  the  possibility  of  data  long-term  recording  for 
subsequent  treatment. 

The  developed  device  for  remote  monitoring  of 
human’s  pulse  and  breath  allows  quickly,  easily  and 
effectively  carry  out  registration  of  human’s  physio¬ 
logical  parameters  in  medicine  of  critical  states.  Also, 
the  device  can  be  used  by  the  Rescue  Service  and 
EMERCOM  to  quickly  diagnose  victims  directly  on 
the  event  place. 

Further,  described  approach  can  be  useful  in  min¬ 
ing  industry  for  monitoring  of  health  state  of  mine’s 
workers  [2]. 
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Abstract 

Previously,  the  authors  explored  the  use  of  hybrid  functional  models  to  find  fail¬ 
ure  modes  of  simple  infrastmcture  models.  Pulsed  excitation  was  shown  to  be  effec¬ 
tive  in  causing  failures  in  simple  oscillators  and  related  simple  models,  using  the 
energy  of  the  circuit  to  bring  about  the  failure.  A  simple  SCADA  system  was  used  as 
a  practical  example  of  these  failure  models  in  infrastmcture  systems.  In  this  paper, 
we  extend  this  technique  to  clusters  of  SC  AD  As  (as  might  be  used  in  real  systems). 
The  first  demonstration  shows  that  unwanted  excitation  of  odd  functional  resonance 
modes  can  cause  failure  of  one  of  these  clusters.  Finally,  functional  failures  in  com¬ 
plex  interconnects  between  the  SCADA  units  can  cause  system  failure. 

Keywords:  High-power  microwave,  high-power  electromagnetics,  susceptibility, 
infrastmcture  failure. 


1.  Introduction 

High-power  microwave  (HPM)  tests  have  shown  that 
extended  illumination  of  some  complex  targets  has 
shown  lower  thresholds  than  short-pulse  illumination 
[1,6].  The  extended  illumination  can  consist  of  hun¬ 
dreds  of  microseconds  or  longer  pulses.  The  short- 
pulse  illuminations  typically  are  single  shot  or  few- 
pulse  illuminations  of  around  100  nanoseconds  dura¬ 
tion.  This  variation  in  sensitivity  leads  us  to  believe 
that  more  complex  systems  can  be  caused  to  fail  from 
repeated  but  relatively  weak  insult.  We  have  used  an 
analysis  tool  called  SCICOS  [7,10]  that  is  particularly 
designed  to  model  the  functional  behavior  of  complex 
systems. 

Hybrid  Models  [8]  predict  the  behavior  of  systems 
with  multiple  states.  A  car  with  a  manual  transmission 
would  be  an  example  of  such  a  system.  In  each  gear, 
the  car  has  a  certain  characteristic  RPM  versus  speed 
curve.  If  the  transmission  is  shifted  into  the  lowest 
gear  at  the  highest  speed  failure  can  occur.  If  the  gear 
shift  occurs  too  quickly  then  failure  also  is  likely.  Hy¬ 
brid  system  failures  often  occur  when  there  is  an  un¬ 
wanted  or  abrupt  transition  between  discrete  states. 

To  introduce  the  application  of  the  hybrid  tech¬ 
nique,  we  use  the  well-known  Chua  circuit  [9].  The 
Chua  circuit  is  an  oscillator  that  can  be  stable  or  unst¬ 
able  depending  on  the  parameters.  In  this  case,  we  use 
a  stable  configuration  but  shown  the  transition  into 
instability  from  an  unwanted,  repeated  transient,  as 
described  above. 


In  [7]  the  authors  described  various  failure  mechan¬ 
isms  of  a  SCADA  system  that  is  designed  to  maintain  a 
water  level  in  a  tank.  This  SCADA  trainer  is  used  be¬ 
cause  there  is  an  apparatus  available  for  testing  of  our 
models  in  Dahlgren  [2].  The  NSWC  test  facility  is  used 
to  test  SCAD  As  and  other  related  equipment  against 
electromagnetic  insult.  The  main  part  of  this  paper  con¬ 
siders  the  extension  of  the  model  to  include  three 
SCADA  trainers  with  complex  interactions  and  un¬ 
wanted  drive  to  show  failure  through  excitation  of  odd 
modes  of  fluid  movement  between  the  tanks. 

2.  Driven  Chua  Circuit 

The  Chua  circuit  is  one  of  the  simplest  circuits  that 
can  show  complex  chaotic  behavior  and  we  use  it  here 
to  represent  an  example  of  a  failure  mechanism 
caused  by  the  injection  of  repeated  pulses  [9].  Fig.  1 
shows  a  schematic  of  a  Chua  circuit. 


Fig.  1  :  Chua  Circuit  Schematic. 
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Most  of  the  circuit  consists  of  an  RLC  oscillator,  but 
the  key  component  is  the  nonlinear  element  to  the 
right  of  the  diagram.  Not  only  is  that  element  nonli¬ 
near,  it  is  also  active,  so  when  we  inject  a  disturbing 
signal  into  the  circuit,  we  will  also  attempt  to  draw 
energy  from  this  source  to  help  cause  an  instability  in 
the  system.  We  have  solved  the  three  coupled  nonli¬ 
near  differential  equations  represented  by  the  circuit 
with  the  freely  available  code  ScicosLab  [10].  Sci- 
cosLab  is  a  system  that  is  designed  to  help  solve  hybr¬ 
id  models  [7].  Fig.  2  shows  the  solution  diagram  for 
the  three  differential  equations. 

Note  the  injection  of  a  field-induced  voltage  onto  one 
of  the  capacitors.  Repeated  injection  causes  the  original¬ 
ly  stable  to  system  to  run  away  as  shown  in  Fig.  3. 

The  3  axes  of  the  diagram  are  the  current  through 
the  resistor  and  the  voltages  across  the  two  capacitors. 
The  excitation  is  from  a  repeated  square  wave  and  the 
impact  on  that  drive  on  the  circuit  behavior  is  appar¬ 
ent  near  the  center,  but  not  as  it  runs  away. 

3.  SC  ADA  System 

The  Directed  Energy  Technology  Office  uses  a  large 
open  air  test  facility  to  test  the  effects  of  electromag¬ 
netic  waves  on  complex  systems.  The  building  has  a 


Fig.  2  :  Solution  for  Chua  circuit. 
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number  of  electronic  systems  installed  to  provide  rea¬ 
listic  testing  of  those  systems  [9].  Figure  3  shows  a 
photograph  of  one  of  the  SC  AD  A  systems  used. 

There  are  two  SCADA  system  trainers  at  NSWC. 
One  of  those  systems  has  a  tank  with  a  level  controller. 
The  level  of  the  tank  is  controlled  by  the  pump  and  the 
release  valve  for  the  drain  as  shown  in  Fig.  4.  This  layout 
is  a  combination  of  the  two  test  facility  SCAD  As. 

The  tank  has  a  level  sensor  that  is  used  to  control 
the  level  in  the  tank  and  the  level  of  the  liquid  in  the 
tank  represents  the  independent  variable  in  the  diffe¬ 
rential  equation  describing  the  system.  There  is  a 
gravity  drain  proportional  to  the  square  root  of  the 
level,  so  that  the  equation  is  nonlinear.  The  SCICOS 
solution  is  shown  in  [7].  In  the  following  section  three 
of  these  SCADA  trainer  models  are  used  to  demon¬ 
strate  a  more  complex  failure  mode. 

4.  Combined  SCADA  Model 

Fig.  5  shows  an  initial  simple  version  of  the  combined 
system.  The  square  wave  generator  represents  the 
flow  into  the  system,  where  the  -2  amplifier  forces 
flow  from  both  of  the  outer  SCADAs  through  the  cen¬ 
ter  SCADA,  representing  an  odd  mode.  This  represen¬ 
tation  is  unrealistic  and  forced  and  is  used  for 
illustration  of  this  mode  only. 

Fluid  depths  for  this  configuration  as  a  function  of  time 
are  shown  in  Fig.  6.  The  two  outer  tank  levels  evolve  as 
they  are  designed.  That  is,  the  levels  drain  through  gravity 
until  they  reach  the  10%  level  then  the  tanks  begin  to  fill. 
Since  a  larger  amount  of  fluid  is  forced  into  the  center 
tank,  it  overflows  as  shown  by  the  green  line  exceeding 
the  90%  limit  and  continuing  to  rise. 


Fig.  4:  NSWC  SCADA  Trainer. 


o 


Fig.  3:  "Runaway”  of  currents  and  voltages  for  the 
driven  Chua  circuit. 


Fig.  5:  "Runaway”  of  currents  and  voltages  for  the 
driven  Chua  circuit. 
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Fig.  6:  Level  Evolution  for  Simple  Case. 

Finally,  we  consider  the  complex  case  in  Fig.  7. 
That  system  also  has  3  SC  AD  As,  but  the  interconnec¬ 
tion  is  much  more  complex.  The  gravity  drains  from 
each  of  SC  AD  As  1  and  2  flow  into  the  succeeding 
tank.  Further,  each  pair  of  tanks  has  a  pump  connect¬ 
ing  them.  The  tank  interconnects  have  cross  control¬ 
lers  that  examine  the  tank  levels  and  trigger  if  the  tank 
imbalance  is  larger  than  40%.  They  also  react  to  an 
HPM  induced  current  in  the  system  by  reversing  the 
direction  of  the  2-3  controller  forcing  extra  liquid  into 
the  center  system,  as  before. 

Fig.  8  shows  the  evolution  of  the  liquid  height  for 
this  case. 

As  before,  the  center  tank  overflows.  The  top  tank 
only  reacts  to  the  liquid  flowing  into  the  system  but 
the  other  two  tanks  respond  to  the  gravity  feed  from 
the  previous  tanks. 


Time 


Fig.  3:  Level  Evolution  of  the  Complex  Case. 

This  model  is  relatively  simple  but  its  purpose  is  to 
show  the  development  of  a  tool  that  can  show  function¬ 
al  failures  resulting  from  many-pulse  or  continuous- 
wave  illumination.  In  the  future,  applications  with 
complex  failure  modes  can  be  demonstrated.  These 
types  of  control  system  models  represent  many  coupled 
nonlinear  differential  equations.  Their  solution  can 
demonstrate  many  failure  modes  including  chaos. 

5.  Stability 

The  designers  of  all  real  systems  expect  that  the  sys¬ 
tems  they  design  will  be  stable  when  all  of  the  control 
systems  operate.  Our  purpose  is  to  determine  how  a 
repeated  “nudge”  at  a  system  resonance  can  bring  a 
system  down.  This  type  of  failure  occurred  in  an  oil 
pipe  line  whose  pump  added  to  the  pressure  in  the  pipe 
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at  the  peak  pressure  point  of  pressure  waves  traveling 
through  the  pipe  -  eventually  causing  the  pressure 
waves  to  increase  beyond  the  capacity  of  the  pipe. 

Stability  of  complex  nonlinear  hybrid  systems  is  dif¬ 
ficult  to  determine  [10].  Usually,  the  approach  to  show¬ 
ing  stability  is  to  find  a  bounding  function  that  does  not 
grow  at  late  times  (Lyapunov  function).  For  hybrid 
systems,  overall  bounding  functions  are  difficult  to  find 
and  one  must  make  do  with  bounding  functions  for 
individual  states.  When  insult  is  included  in  the  model, 
whose  purpose  is  to  destabilize  the  system,  establishing 
stability  becomes  even  more  difficult. 

6.  Conclusions 

We  have  started  with  the  SCADA  trainer  of  [7]  as  a 
building  block  of  more  complex  systems.  Three  sys¬ 
tems  is  the  minimum  needed  to  demonstrate  odd-mode 
characteristics.  While  odd-mode  failures  can  be  dem¬ 
onstrated  with  simple  interconnects,  we  have  gone  on 
to  show  similar  failure  mechanisms  for  complex  inter¬ 
connects.  This  more  complex  system  further  develops 
the  techniques  for  functionally  modeling  potential  fail¬ 
ure  modes  for  complex  infrastructure  targets. 
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Abstract 

Some  technologies  of  medical  radars  design  are  discussed  in  the  report.  Radars  are 
intended  to  obtain  the  mechanical  moving  trajectory  of  living  organism  chest. 

Peculiarities  of  radar  detection  of  targets  performing  seesaw  motion  are  consi¬ 
dered.  Data  obtaining  and  processing  problems  are  investigated,  methods  of  initial 
object  motion  trajectory  restoring  are  examined  by  means  of  two  quadratures  use, 
constant  component  elimination  and  arctan-demodulation.  Methods  of  received  sig¬ 
nal  processing  and  computing  are  proposed. 


1.  Page  Format 

Radar  systems  for  living  organism  observation,  the  so- 
called  bioradiolocation  systems  find  a  wide  application 
at  present.  The  peculiarity  of  bioradiolocation  is  that 
observed  objects  perform  as  a  rule  not  rectilinear 
movements  but  seesaw  motion  (the  chest  and  heart  of 
human).  Tracking  is  performed  against  the  background 
of  radar  signals  reflected  from  immovable,  fixed  ob¬ 
jects,  this  complicates  obtaining  true  observation  results 
and  human  organs  monitoring.  Processing  of  signals 
reflected  from  living  objects  movable  and  immovable 
against  the  background  of  greet  number  of  preventing 
reflections  is  discussed  in  this  report. 

The  immovable,  fixed  human  body  contains  two 
sources  of  independent  time  variant  seesaw  motions:  chest 
and  heart.  The  body  observation  comes  to  these  motions 
characteristics  definition:  the  amplitude,  the  frequency  and 
obtaining  of  body  displacement  trajectory  in  time. 

Radar  information  from  biological  object  can  be 
obtained  by  means  of  well-known  method  of  phase 
detecting  which  allows  to  select  signals  reflected  from 
moving  object  against  the  background  of  signals  re¬ 
flected  from  immovable,  fixed  objects  on  the  basis  of 
Doppler  increment  of  signal  frequency. 

The  method  is  based  on  the  use  of  phase  detector, 
output  voltage  of  which  depends  on  the  phase  differ¬ 
ence  between  received  and  reference  signals.  To  avoid 
ambiguity  two  quadrature  outputs  are  used  when  their 
reference  signals  are  shifted  at  90  degrees.  To  detect  the 
object  motion  one  quadrature  is  sufficient.  But  to  define 
motion  characteristics  or  to  restore  the  object  trajectory 
two  quadratures  are  necessary  to  use  because  of  the 
nonlinearity  of  phase  detector  characteristic. 

In  this  work  the  new  analytic  method  of  the  object 
motion  trajectory  restoring  from  two  quadratures  of 


phase  receiver  is  proposed  which  works  efficiently  in 
presence  of  multiple  local  objects. 

2.  Characteristics  of  the  Observed 
Object  Motion 

In  [1,  2]  the  possibility  of  motion  registration  of  living 
organisms  surfaces  including  human  organs  was 
shown.  The  type  of  chest  motion  of  human  in  quies¬ 
cent  state  can  be  described  by  quasiperiodic  function 

(Fig.  1).  The  target  wich  is  on  the  distance  Rx  from 

radar  performs  seesaw  motion  in  the  direction  of  the 
normal  line  to  radar.  Target  approaches  to  radar  at  the 

minimum  distance  R  and  moves  away  from  radar 

at  the  maximum  distance  RMAX  (Fig.  2).  For  the  pur¬ 
pose  of  simplicity  the  case  of  periodic  motion  in  one 
plane  with  constant  frequency  is  considered. 


Rmax 


Rl 


Fig.  1.  One-point  target  which  moves  in  seesaw  mode 


with  amplitude  A  R1  and  frequency  F  . 
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Fig.  2.  Distance  changes  between  radar  and  target. 
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In  the  phase  detecting  method  phase  is  the  signal 
parameter  which  define  target  position  in  the  space. 
Since  the  transfer  function  of  phase  detector  which 
describes  the  dependence  of  output  voltage  from 
phase  difference  between  received  and  reference  sig¬ 
nals,  is  cosine  function,  the  reflected  signal  from  the 
target  is  described  by  following  formula  [3]: 


EE 

u  =  0  nTn  cos 

2  0 


2cc i 


Rx  +  sin  (Qj  +  6 ) 


,(1) 


1)  The  linear  dependence  of  the  output  receiver 
voltage  alteration  from  the  chest  shift  exists  only  near 

Rx  =  n\Q  /  4  (nm  1, 2, 3, ... )  under  the  stipulation 
that  the  shift  AR1  is  small  enough  as  compared  with 
the  wave  length  AQ ; 

2)  The  output  receiver  voltage  acquires  additional 
harmonics  with  multiple  frequencies  in  the  case  when 


where  TQ  -  period  of  sounding  signal  cycling  oscilla¬ 
tions;  n  -  integer  number  of  periods  participating  in 
integration  process;  =  2i rf  -  circular  frequency  of 

radiated  signal;  A R1  =  | RMAX  —  RMIN  \  /  2  -amplitude 

of  target  motion;  Q  =  2 nF  -  circular  frequency  of 
target  motion;  0  -  initial  value  of  target  motion 
phase;  E{) ,  Ex  -  amplitudes  of  received  and  reference 

signals;  Rx  -  target  distance;  c  -  the  speed  of  light; 

u  -  output  voltage  of  the  phase  detector. 

Formula  (1)  shows  dependency  of  voltage  on  the 
correlator  output  from  the  observed  object  distance. 
The  model  formed  on  the  basis  of  formula  (1)  allows 
to  consider  the  correlator  output  signal  at  different 
motion  parameters.  Figures  3,4  present  output  signal 
FD  for  various  cases  of  relationship  between  wave 

length  AQ  and  target  seesaw  motion  amplitude  A  R1 

at  the  frequency  value  of  3  Hz. 

These  figures  show  that  when  the  amplitude  of  the 
motion  grows  the  output  signal  form  starts  to  change. 
In  the  output  signal  additional  harmonics  with  mul¬ 
tiple  frequencies  appear.  This  complicates  direct  mea¬ 
surement  of  target  motion  frequency  at  some  values  of 
motion  amplitude.  It  can  be  shown  that  signal  change 
takes  place  when  target  distance  fulfils  condition 
R1  =  n\Q  /  8  (n  =  1,3,5,...),  in  this  case  the  signal 

acquires  constant  component.  The  radar  distance 
Rx  =  n\Q  /  4  (n  =  1, 2, 3, ... ),  on  which  motion  tra- 

jectory  of  the  oscillating  body  is  transmittedin  the 
output  signal  of  the  receiver  practically  without 
changes,  is  named  optimal  distance.  If  the  radar  is 
used  in  presence  of  multiple  local  objects  [4,  5,  6], 
their  reflections  get  also  in  the  receiver.  Because  of 
interference  of  signals  reflected  from  several  objects 
the  position  of  objects,  from  which  signals  have  been 
reflected,  is  not  identified  (Fig.  5,6). 

Signal,  roused  by  the  reflections  from  several  tar¬ 
gets,  give  rise  to  the  voltage  in  the  receiver,  which  (is 
changed)  varieties  as  sinusoidal  with  the  frequency  of 
sounding  signal  when  the  phase  and  the  amplitude 
depend  of  targets  distances  and  their  RCS  (Radar 
cross  section). 

On  the  basis  of  the  model  considered  one  can  make 
following  resume: 


Fig.  3.  Time  diagram  of  correlator  output  signal 
when  observed  target  oscillates  on  the  dis¬ 
tance  nXQ  /  4  (  n  =  1,2,3,...)  from  radar, 

ARl/\=l/2. 


U(t)  0 - 

_ll - 1 - ' - ' - 

0  0.5  1  1.5  2 

t 

Fig.  4.  Time  diagram  of  correlator  output  signal 
when  observed  target  oscillates  on  the  dis¬ 
tance  nAQ  /  8  (n  =  1, 3, 5, ... )  from  radar, 


ARj\=l/b. 


§ 


Asin(qjt) 


^  A3sin(cat+cp3) 
t  A1sin(cat+cpl)  q 


A2sin(cat+cp2) 


£ 


R1 

R2 

R3 


Fig.  5.  The  reflection  of  the  monochromatic  wave 
from  several  targets. 


Fig.  6.  Composition  of  reflections  from  local  ob¬ 
jects. 
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3)  Besides  signal  frequency  changes  the  constant 
component  appear  (“useful  constant  component”), 
when  the  object  distance  deviates  from  the  optimal  one; 

4)  The  presence  of  reflections  from  local  objects 
results  in  the  greet  constant  component  appearance  in 
the  signal,  which  cannot  be  apparently  distinguished 
from  the  useful  constant  component. 


3.  The  motion,  Movement  Trajectory 
Estimation  by  Using  two 
Quadratures 

The  method  of  object  surveillance  by  use  of  one  qua¬ 
drature  was  considered  above.  To  estimate  the  target 
motion  trajectory  it  is  necessary  to  use  two  quadra¬ 
tures.  In  this  case  the  radar  sensitivity  to  target  posi¬ 
tion  can  be  overcome. 

Since  two  quadratures  allow  to  represent  the  signal 
in  vector  form,  the  phase-time  relationship  can  be 
expressed  by  formula  (2)  [3,7].  But  in  the  presence  of 
reflections  from  local  objects  the  output  quadratures 
voltages  have  the  great  constant  component,  and  this 
doesn’t  allow  to  use  this  formula,  what  has  been  pre¬ 
sented  in  the  first  section. 


<j)(t)  =  arcTg 


sinQQ)) 

COS  (000), 


(2) 


The  constant  component  can  be  removed  from  the 
signal  by  means  of  the  filter.  But  there  is  a  useful  con¬ 
stant  component  in  this  signal,  which  must  be  sepa¬ 
rated  from  the  constant  component,  roused  by 
reflections  from  local  objects.  Including  arctangent 
demodulation  allow  to  save  information  about  the 
motion  roused  by  the  heart-  breathing  activity  and 
insensibility  to  the  target  position.  Some  results  of 
modelling  such  system  were  obtained. 
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Abstract 

At  excitation  of  the  oscillations  depending  not  only  from  time,  but  also  from  co¬ 
ordinates  will  matter  not  only  frequency  of  exciting  force,  but  also  distribution  of  this 
force  in  space.  The  particular  interest  represents  excitation  of  acoustic  oscillations  of 
a  biological  cell  under  the  influence  of  an  external  electromagnetic  wave. 

Owing  to  equivalence  of  co-ordinates  was  the  one-dimensional  model  -  a  string 
rigidly  fixed  from  both  parties  is  taken 

It  has  been  received  that  the  greatest  amplitude  of  oscillations  arises  provided  that 
frequency  of  external  force  is  equal  to  own  frequency  of  fluctuations  of  a  string,  and 
the  length  of  a  string  is  less  than  half  of  length  of  a  wave.  However  at  equality  of  fre¬ 
quencies  of  acoustic  and  electromagnetic  fluctuations  of  length  of  waves  of  electro¬ 
magnetic  fluctuations  will  accept  very  much  great  values. 

Pulse  influence  was  offered  high-frequency  signal  is  included  on  short  time  with 
the  period  equal  to  the  period  of  own  acoustic  fluctuations  of  a  string.  The  amplitude 
of  fluctuations  thus  increases. 

Keywords:  Acoustic  oscillations,  electromagnetic  wave,  amplitude,  resonance, 
biological  cell. 


1.  Introduction 

At  excitation  of  the  oscillations  depending  not  only 
from  time,  but  also  from  coordinates  (for  example, 
excitation  of  mechanical  oscillations  of  a  membrane 
by  external  force),  arises  a  question:  whether  the  re¬ 
sonance  will  have  only  time  character  (that  is  to  de¬ 
pend  on  frequency  of  compelling  force),  or  the  spatial 
factor  (force  distribution  on  coordinates)  will  matter 
also.  The  Particular  interest  represents  excitation  of 
acoustic  oscillations  of  a  cell  under  the  influence  of  an 
external  electromagnetic  wave  [1].  We  will  consider 
this  question  more  in  detail. 

2.  Statement  of  a  Problem 


viscous  resistance  operating  on  unit  of  length  of  a 
string,  p  =  m  / 1  -  linear  density  of  a  string.  After 
transformations: 


at 2  at 


f.  M 


Thus,  it  is  necessary  to  find  the  decision  of  the  non- 
uniform  linear  differential  equation  of  the  second  order 
in  private  derivatives  for  various  kinds  of  function. 


2. 1 .  Kinds  of  Compelling  Force 


Compelling  force  we  will  represent  in  a  kind 

/« (M)  =  /j  (x)f2  ( t ) ,  where  f \  (a:)  =  ^sin(te) . 


As  coordinates  are  independent,  oscillations  of  three- 
two-  and  one-dimensional  objects  will  essentially  not 
differ.  Therefore,  for  simplicity,  we  will  consider  an 
one-dimensional  case  -  a  string,  length  1,  fixed  with 
two  parties,  being  in  the  viscous  environment  and 
capable  to  make  the  compelled  oscillations  under  the 
influence  of  external  force  (figure  1)  [2]. 

Dynamics  equation  will  register  in  a  kind: 

T  — —  dx  +  /  (x,  t)  dx  +  /  dx  =  pdx - , 

dx 2  A  1  °  Ot 2 

where  fg  (x,  t j  -  the  compelling  force  operating  on 

d£ 

unit  of  length  of  a  string,  fc  =  — r  —  -  the  force  of 


Fig.  1.  The  Forces  operating  on  an  element  of  a 
string  dx  (f Bdx  -  compelling  force,  fcdx  - 
force  of  viscous  resistance,  T  -  force  of  a 
tension). 
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As  functions  we  take  functions  of  a  following  kind: 


f*  M  = 


/2(t)  =  sm(wi<), 

sin (u;  t), if  mT  <t<  mT  +  n  — , 

0,  if  mT  +  n  —  <  t  <  (m  +  l)T  + : 
cu  v  7 


(1) 


(2) 


cu 


3.  Parameters  of  System 

As  us  excitation  of  acoustic  oscillations  of  a  cell  under 
the  influence  of  an  electromagnetic  field  we  will  pick 
up  corresponding  parameters  of  our  system  interests. 
An  electromagnetic  wave,  falling  on  a  cell,  raises  in  it 
electromagnetic  oscillations.  At  intensity  of  a  wave 
7=10  mWcm"2  the  amplitude  of  intensity  of  electro¬ 
magnetic  oscillations  can  reach  values  106  Vm”1.  We 
will  cut  out  in  a  membrane  a  thin  strip  in  length  of 
5T0”5m  and  width  1  nanometer  (a  thickness  of  a 
membrane  too  an  order  of  1  nanometer).  Considering 
that  membrane  density  ~  104kgm”3  [3],  a  membrane 
tension  on  unit  of  length  ~  1  NnT1  [4],  and  a  mem¬ 
brane  charge  ~  10”13  C  [5],  we  will  receive  the  follow¬ 
ing  parameters  necessary  for  calculations  (table  1). 


Table  1.  System  parameters. 


Parameter 

Value 

Density  (p),  kgm-1 

10-14 

Resistance  factor  (r),  kgs-1 

10-7 

String  tension  (7),  N 

1 0  9 

Length  of  a  string  (/),  m 

5-KT6 

Amplitude  of  force  (A),  NnT1 

10  5 

4.  Results 

As  coordinate  x  and  time  t  -  independent  variables  the 
initial  equation  will  register  in  a  kind: 


d2z  dz  d2y  ,  \ 

py - Yry - 1 - z  =  /  \x,t), 

p  dt2  dt  dx 2  e[  1 


(3) 


where  £(#,  t)  =  y(x)z(t) .  At  each  moment  of  time  the 

d2 

equation  —T  =  fg  [x j  then  found  y  it  is  substi¬ 
tuted  in  the  equation  (3)  which  is  reduced  to  the  diffe¬ 
rential  equation  of  one  unknown  person  of  the  second 
order  which  dares  methods  of  Newmark  and  Wilson 
dares  [6].  Comparison  of  the  received  decisions 
among  themselves  and  with  known  results  has  shown 
good  convergence  of  methods. 


4. 1 .  Harmonious  Signal 

Let’s  consider  at  first  influence  (1) 

( fe  [x, f )  =  \  sin  (kx ]  sin  )  -  (see  Fig.  2). 


Apparently  from  Fig.  2,  the  maximum  value  of  a 
deviation  of  oscillations  of  a  string  is  reached,  when 
frequency  of  external  force  is  equal  to  frequency  of 
own  oscillations  of  system,  and  along  a  string  half  of 
length  of  a  wave  keeps  within.  The  particular  interest 
represents  a  spatial  resonance.  The  maximum  value  of 
a  deviation  of  a  string  exceeds  value  of  a  deviation  of 
a  string  at  the  big  lengths  of  waves  no  more  than  on 
25  %.  But  at  reduction  of  length  of  a  wave  there  is  a 
sharp  reduction  of  a  deviation  of  a  string  -  for  exam¬ 
ple,  in  a  case  when  along  a  string  4  half  waves  a  string 
deviation  keep  within  makes  0,4  %  from  the  maxi¬ 
mum.  Also  it  is  necessary  to  notice  that  resonant  in¬ 
crease  of  amplitude  is  not  observed  in  cases  when 
frequency  of  compelling  force  is  not  equal  to  own 
frequency  of  oscillations  of  a  string  and  also  when 
along  length  of  a  string  the  integer  of  half  waves  (in 
these  points  keeps  within  local  minima)  are  observed. 

4.2.  Pulse  Signal 

Let's  consider  kind  influence  (2).  Dependence  of 
compelling  force  on  time  is  presented  in  Fig.  3.  The 
greatest  deviations  of  a  string  arise  for  a  case  n  =  1 . 


$,mn 

-0,06 


Fig.  2.  Spatially-temporarily  resonance. 


cq 


n  =  2 


cq 

Fig.  3.  The  schedule  of  function  (2). 
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At  frequency  coi  increase  10  times  (that  is  reduction  of 
width  of  an  impulse)  the  amplitude  of  oscillations  of  a 
string  decreases  too  10  times.  Therefore  all  further 
calculations  are  presented  for  a  case  00 1  =  1010  s-1. 

The  spatial  resonance  (Fig.  4)  again  arises  under  a 


condition 


and  more  strongly  pronounced 


concerning  small  lengths  of  waves,  than  big. 

In  Fig.  5  dependence  of  amplitude  of  oscillations  of 
a  string  on  the  period  of  a  pulse  signal  is  presented. 
The  main  resonance  is  observed  at  T  =  T0,  other  re¬ 
sonances  arise  at  T  =  2T0,  T  =  3 70,  etc.  The  schedule 


is  received  provided  that  — —  =  1 . 

A/ 2 


4.  Conclusions 

All  above-stated  can  explain  influence  of  electromag¬ 
netic  waves  on  bioobjects,  in  particular  on  a  cell.  At 
an  irradiation  of  a  cell  the  electromagnetic  oscillations 
which  electric  component  can  represent  itself  as  com¬ 
pelling  force  of  acoustic  oscillations  of  a  membrane 
arise  an  electromagnetic  wave,  in  it  (Acoustic  oscilla¬ 
tions  of  a  cell  are  important  for  its  functioning).  We 
will  consider  a  case  of  influence  of  a  kind  (1).  At 
equality  of  lengths  of  waves  of  acoustic  and  electro¬ 
magnetic  oscillations  of  a  cell  of  frequency  will  differ 
strongly,  hence,  a  resonance  it  will  not  be  observed. 
At  equality  of  frequencies  two  cases  are  possible:  1) 
the  length  of  a  wave  of  electromagnetic  oscillations  is 
proportional  to  diameter  of  a  cell  then  the  length  of  a 
wave  of  acoustic  oscillations  is  much  less  the  than 
sizes  of  a  cell,  hence,  amplitude  of  such  acoustic  os¬ 
cillations  is  very  small;  2)  the  length  of  a  wave  of 
acoustic  oscillations  is  proportional  to  diameter  of  a 
cell,  however  length  of  a  wave  of  electromagnetic 
oscillations  in  this  case  will  be  much  more  sizes  of  a 
cell,  that  is  such  electromagnetic  oscillations  are 
simply  impossible.  In  other  words,  it  is  impossible 
kind  signal  (1)  to  excite  acoustic  oscillations  of  a  cell. 
At  kind  influence  (2)  (the  pulse  signal)  turns  out  other 
result  -  the  high-frequency  compelling  signal  (fre¬ 
quency  corresponds  to  own  frequency  of  electromag¬ 
netic  oscillations  of  a  cell)  is  sent  by  impulses  (the 
impulse  period  corresponds  to  the  period  of  acoustic 
oscillations)  -  the  spatially-temporarily  resonance  as  a 
result  should  be  shown.  Thus,  pulse  influence  appears 
more  effective,  than  usual  harmonious  influence.  Also 
it  is  necessary  to  notice  that  in  the  given  one¬ 
dimensional  case  two  frequencies  -  one  for  occur¬ 
rence  of  a  spatial  resonance,  another  -  for  time  are 
necessary.  In  a  two-dimensional  case  the  signal  with 
three  frequencies  can  appear  more  effective. 


§,  1(H  mil 


Fig.  4.  Spatial  resonance. 

§,  10^  mn 


Fig.  5.  Time  resonance. 
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Abstract 

We  report  on  the  resonance  cavity  MSM-photodiode  stmctures  based  on  nanoscale 
metallic  gratings  which  are  used  both  as  a  tool  for  efficient  light  confinement  and  the 
photocarriers  collection.  The  finger  spacing  of  these  detectors  is  less  than  the  wave¬ 
length  of  incident  light.  Short  collection  path  along  with  low  diode  capacitance  (8  fF) 
allows  theoretical  cut-off  frequencies  as  high  as  500  GHz.  Detector  has  record  quantum 
efficiency  of  46%  and  high  selectivity  (FWHM=17  nm)  at  wavelength  790  nm. 

Keywords:  MSM-photodetector,  metallic  grating,  quantum  efficiency,  Bragg 

reflector,  reflection  coefficient,  resonance  cavity,  high-speed  response. 


1.  Introduction 

High-speed  and  efficient  photodetectors  have  received 
much  attention  in  the  recent  years.  These  detectors  are 
the  key  components  in  high  bit  rate  optical  communi¬ 
cation,  terahertz  generation  by  photomixing  and  in 
scientific  instrumentation.  Metal-semicon-ductor- 
metal  photodetectors  (MSM-PD)  have  become  an 
important  device  in  modern  optoelectronics  [1-3]. 
Based  on  the  interdigitated  Schottky  contact  structure 
the  MSM-PD  has  simple  device  technology,  fast  re¬ 
sponse,  small  capacitance  and  ease  of  integration  with 
electronic  circuitries.  For  identical  transit  times  and 
device  area  MSM-PD  has  four  times  lower  capacit¬ 
ance  and  thus  higher  cut-off  frequency  obtained  as 
compared  with  PIN-PD  [1].  The  highest  response 
speed  measured  to  date  (FWHM  =  0.58  ps)  has  been 
achieved  in  UT-MSM  detector  with  100  nm  finger 
spacing  but  with  very  low  quantum  efficiency  of  2% 
due  to  the  opacity  of  detector  metallic  contacts  and 
low-temperature-grown  GaAs  active  layer  [2]. 
Another  approach  for  considerable  shortening  detector 
response  time  (FWHM  =  0.63  ps)  was  in  use  of 
MSM-heterobarrier  diode  structure  [3]  and  again  has 
resulted  in  poor  quantum  efficiency  of  ~8  %.  In  order 
to  increase  the  cut-off  frequency  of  the  MSM-PD  the 
thickness  of  absorption  layer  has  to  be  reduced  and 
becomes  smaller  than  the  absorption  depth  resulting 
in  a  decrease  of  detector  efficiency.  The  achievement 
of  quantum  efficiencies  greater  than  ~50  %  with  cut¬ 
off  frequencies  above  300  GHz  requires  new  solutions 
to  confine  effectively  the  absorption  of  light  in  nanos¬ 
cale,  low  capacitance  structures. 


2.  Results  and  Discussion 

2.1.  Description  of  the  RCE  SMSM-PD 

We  report  on  the  resonance  cavity  enhanced  sub¬ 
wavelength  MSM-photodiode  structure  (RCE  SMSM- 
PD)  based  on  nanoscale  (feature  dimensions  smaller 
than  A/8)  metallic  gratings  which  are  used  both  as  a  tool 
for  efficient  light  confinement  and  rapid  photocarriers 
collection.  Fig.  1  shows  the  schematic  cross-section  of 
detector  structure.  The  bottom  mirror  is  a  quarter  wave 
stack  multilayer  Bragg  reflector.  The  resonance  cavity 
is  made  of  a  thin  absorbing  layer  (GaAs)  on  top  of  opti¬ 
cally  transparent  “spacing”  layer.  The  thickness  of  the 
absorbing  layer  can  be  only  a  few  tens  of  nanometers 
and  the  thickness  of  the  spacing  layer  is  adjusted  to 
satisfy  the  Fabry-Perot  condition. 

The  RCE  SMSM-PD  has  been  realized  on  a  semi- 
insulating  GaAs  substrate.  The  semiconductor  layer 


Fig.  1.  Structure  of  RCE  SMSM-PD  and  spatial  dis¬ 
tribution  of  the  electric  filed  intensity  in  the 
absorbing  layer  for  TE  (left)  and  TM  (right) 
polarization. 
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structure  was  grown  by  molecular  beam  epitaxy.  The 
multilayer  Bragg  reflector  is  composed  of  24  periods  of 
quarter  waves  AlAs/Alo^Gao.gAs  layers.  The  GaAs 
absorption  layer  thickness  is  40  nm.  For  the  resonance 
at  -800  nm  wavelength  in  the  center  of  the  stop  band  of 
the  Bragg  mirror  the  Alo.35Gao.65As  spacing  layer  thick¬ 
ness  was  chosen  to  be  30  nm.  We  have  fabricated  these 
RCE  SMSM-PD  on  GaAs  substrates  with  Ti/Au  grat¬ 
ings  and  100  nm  finger  width  and  spacing.  The  grating 
was  defined  by  electron-beam  assisted  evaporation  and 
lifted  off  in  trichloroethylene.  The  5  nm  thick  titanium 
layer  has  been  used  to  improve  the  metal  adhesion  to 
the  GaAs  active  layer.  The  measured  reflectivity  of 
fabricated  devices  3x3,  5x5,  10x10  pm2  in  size  for  TE 
and  TM  polarization  matched  well  with  theory  con¬ 
firming  the  efficient  resonance  transmission. 

2.2.  Optical  Transparency  of  the  MSM- 
Diode  Metallic  Gratings 

The  light  interaction  with  metallic  gratings  of  MSM- 
PD  are  commonly  explained  by  geometrical  consider¬ 
ation:  light  is  reflected  on  metallic  contacts  and 
transmitted  in  between  the  contacts  [1].  That  explana¬ 
tion  does  not  make  sense  in  subwavelength  metallic 
gratings.  Recently  Ebbesen  et  al,  while  exploring  the 
optical  properties  of  submicrometre  cylindrical  cavi¬ 
ties  in  metallic  films,  have  found  that  arrays  of  such 
holes  display  highly  unusual  transmission  at  wave¬ 
lengths  as  large  as  ten  times  the  diameter  of  the  cy¬ 
linders  [4].  These  unusual  optical  properties  of  two- 
dimensional  periodic  structures  with  feature  dimen¬ 
sions  up  to  ten  times  smaller  than  a  wavelength  of 
incoming  light  are  due  to  coupling  of  light  with  plas- 
mons-electronic  excitations-on  the  surface  of  the 
periodically  patterned  metal  film  [4].  Excitation  of 
horizontal  surface-plasmon  resonances  leads  to  a 
strong  enhancement  of  the  field  intensity  on  the  hori¬ 
zontal  surfaces  of  the  metallic  film,  which  results  in 
efficient  transmission  through  subwavelength  holes 
by  tunneling  [5].  Strong  confinement  and  transmis¬ 
sion  of  light  in  periodical  subwavelength  apertures  of 
metallic  films  have  initiated  a  number  of  theoretical 
studies  [5,6]  and  have  brought  about  to  a  possibility 
of  elaboration  of  new  photonic  devices.  In  particular, 
this  mechanism  has  already  been  applied  in  emissive 
devices  [7]  and  tunable  filters  [8].  The  interdigitated 
electrodes  of  the  MSM-PD  basically  form  a  grating. 
For  the  first  time  we  used  the  effective  transmission 
of  light  through  metallic  gratings  with  a  feature  di¬ 
mensions  much  smaller  than  a  wavelength  of  incom¬ 
ing  optical  signal  for  efficient  light  confinement  in  the 
active  volume  of  the  MSM-PD.  A  modal  method  and 
S-matrix  formalism  [5,6]  have  been  applied  for  the 
electromagnetic  calculations  of  the  total  diode  struc¬ 
ture.  Fig.  2  shows  experimental  and  theoretical  reflec¬ 
tion/absorption  spectra  of  40  nm-height  Au  (35 
nm)/Ti  (5  nm)  grating  and  100  nm  finger  spacing  and 
finger  width  in  TE  polarization  of  incoming  light. 
Both  calculation  and  experimental  data  demonstrate 
that,  in  spite  of  the  metal  interdigital  contacts  of  the 


MSM-PD,  only  small  part  of  incoming  light  is  reflect¬ 
ed  from  the  detector  surface,  whereas  50%  of  light 
penetrates  into  the  diode  structure  and  assimilates  in 
active  GaAs  producing  electron-hole  pairs. 

2.3 .  I-V  Characteristics 

I-V  characteristics  of  the  diodes  have  been  examined 
with  Agilent  4156C  analyzer  of  semiconductor  struc¬ 
tures.  The  RCE  SMSM-diodes  have  nearly  symme¬ 
trical  I-V  curves  (Fig.  3)  with  typical  dc  dark  current 
of  8  pA  at  IV  and  30  pA  at  2  V  bias  voltage  for  the 
5x5  pm2  device  with  100  nm  finger  gap  and  width.  I- 
V  curves  were  examining  by  taking  into  account  the 
barrier  height  dependence  on  the  electric  field  and 
tunneling  through  the  barrier  [9].  Following  this  anal¬ 
ysis  we  have  extracted  the  Schottky  barrier  height 
0=0.6  eV  and  diode  ideality  coefficient  n=1.05  for 
our  RCE  SMSM-PD.  These  parameters  indicate  high 
quality  of  Schottky  contacts  and  the  absence  of  inter¬ 
mediate  oxide  layer  at  the  Ti-GaAs  interface.  Low 
level  of  dark  current  density  (1  uAJ  mkm2)  allows  to 
realize  high  sensitive  detectors  of  optical  radiation  on 
these  structures. 

2.4.  Detector  Spectral  Sensitivity  and 
Quantum  Efficiency 

The  spectral  dependence  of  the  RCE  SMSM-detector 
responsivity  has  been  measured  using  tunable  laser 
source  and  high  resolution  Jvon-Yobin  spectrometer. 
The  spectrometer  was  calibrated  with  Ar-lamp  as  a 


Fig.  2.  Reflection  and  absorption  spectra  in  TE- 
polarization  of  light. 
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reference.  The  spectral  dependence  of  the  laser  power 
and  all  optical  components  was  evaluated  using  cali¬ 
brated  detector  Newport  818-ST.  A  laser  spot  diame¬ 
ter  smaller  than  the  MSM-diode  area  has  been  focused 
on  RCE  SMSM-PD  with  an  objective  and  traced  on 
the  screen  with  CCD  camera.  Subsequent  measure¬ 
ments  of  the  RCE  SMSM-PD  and  reference  Newport 
detector  against  the  Newport  818-ST  calibration  de¬ 
tector  yielded  absolute  detector  responsivity  at  a  par¬ 
ticular  laser  wavelength.  The  final  RCE  SMSM-PD 
spectral  responsivity  curve  was  then  obtained  using 
this  calibration  points,  Fig.  4.  These  measurements 
have  demonstrated  detector  resonance  behavior  with 
good  agreement  with  calculations. 

Our  devices  have  reached  an  experimental  external 
efficiency  of  46  %  at  790  nm  for  low  level  of  optical 
excitation  in  TE  polarization,  Fig.  4.  This  is  efficiency 
improvement  by  more  than  order  of  magnitude  in  com¬ 
parison  with  conventional  MSM  photodetector  with  a 
similar  geometry  of  100  nm  finger  spacing  [2].  The 
efficient  collection  of  photocarriers  through  a  high  and 
homogeneous  electric  field  in  RCE  SMSM-PD  with 
only  50  nm  mean  carrier  collection  path  along  with  low 
diode  capacitance  (8  fF)  should  allow  theoretical  cut¬ 
off  frequencies  as  high  as  500  GHz.  Response  time 
measurements  are  now  in  progress.  Our  RCE  SMSM- 
PD  is  relatively  narrow-band  detector.  At  the  wave¬ 
length  of  maximum  sensitivity  (790  nm)  FWHM=17 
nm.  Spectral  location  of  detector  resonant  wavelength 
can  be  selected  with  the  period  of  the  gratings  and  the 
height  of  the  interdigitated  slits.  These  selectively  sen¬ 
sitive  photodetectors  will  be  efficient  for  spectral 
bandwidth  filtering  useful  in  WDM  applications. 

3.  Conclusion 

Design  principles  and  technology  of  high-speed  and 
efficient  MSM-photodetectors  based  on  nanoscale  me¬ 
tallic  gratings  which  are  used  both  as  a  tool  for  efficient 
light  confinement  and  the  photocarriers  collection  have 
been  developed.  The  measurements  of  quantum  effi¬ 
ciency  and  reflection  coefficients  are  in  accordance 
with  theoretical  estimates.  Short  collection  path  of  the 
photogenerated  carriers  along  with  low  diode  capacit¬ 
ance  (8  fF)  should  allow  theoretical  cut-off  frequencies 
as  high  as  500  GHz.  Detector  has  record  quantum  effi¬ 
ciency  of  46%  and  high  selectivity  (FWHM=17  nm)  at 
^=790  nm.  Low  level  of  dark  current  density  (j=l 
pA/jam2)  allows  to  realize  high  speed  and  selectively 
sensitive  photodetectors  of  optical  radiation. 


Wavelength,  nm 


Fig.  4.  QE  of  RCE  SMSM-PD. 
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Abstract 

The  problem  about  radiation  of  electromagnetic  waves  by  the  thin  vibrator  with  the 
symmetrical  and  antisymmetrical  components  of  the  surface  impedance  relative  to  its 
centre,  where  the  point  source  of  excitation  is  located,  has  been  solved  by  the  genera¬ 
lized  method  of  induced  electromotive  forces.  The  analytical  expressions,  obtained  in  a 
closed  form,  allow  to  obtain  the  current  distribution  along  the  vibrator  length  and  to  cal¬ 
culate  its  electrodynamic  characteristics.  The  calculations  of  the  vibrators  input  parame¬ 
ters  of  different  electrical  length,  dependent  of  the  values  of  both  symmetrical  and 
antisymmetrical  components  of  the  vibrator  surface  impedance,  have  been  made. 

Keywords:  Radiation  of  electromagnetic  waves,  a  thin  vibrator,  surface  impedance, 
the  method  of  induced  EMF. 


1.  Introduction 

At  present  thin  vibrators  are  applied  as  different  reso¬ 
nant  elements  of  antenna-waveguide  devices  widely. 
The  variety  of  available  vibrator  structures  and  also 
the  creation  of  new  constructions  on  their  basis  stipu¬ 
late  constant  interest  of  investigators  to  the  problems 
of  their  analysis  and  synthesis.  So,  for  example,  loca¬ 
tion  of  different  active  and  passive  elements  in  defi¬ 
nite  points  along  the  vibrator  antenna  and  also  the 
vibrator  excitation  in  the  point  apart  from  the  centre 
create  additional  possibilities  to  form  the  set  electro¬ 
dynamic  characteristics  of  vibrator  radiators.  The 
availability  of  the  surface  impedance  in  such  vibra¬ 
tors,  which  is  constant  along  their  length,  gives  addi¬ 
tional  possibilities  to  design  radiating  systems  with 
the  set  electrodynamic  characteristics  both  at  central 
[1]  and  shifted  [2]  locations  of  the  point  of  excitation. 

The  solution  of  the  problem  about  radiation  of  elec¬ 
tromagnetic  waves  by  thin  vibrators  with  symmetrical 
excitation  and  asymmetrical  distributed  surface  im¬ 
pedance  along  their  length  by  the  generalized  method 
of  induced  electromotive  forces  (EMF)  is  represented 
in  this  paper. 

2.  Theory 

The  integral-differential  equation  concerning  the  elec¬ 
trical  current  for  the  vibrators,  representing  them¬ 
selves  the  thin  rectilinear  impedance  cylinder  of  the 
radius  r  and  the  length  2 L  (r  /  (2 L)  «1),  located  in 


free  space  and  excited  by  the  set  field  of  the  im¬ 
pressed  sources,  has  the  following  form  [3]: 

UUj(/)G(S,s')ds'  m 

[ds  )JL  ■  (1) 

=  -iuE^s)  +  iuz.(s)J(s) 

Here  z.  ( s )  is  the  complex  internal  impedance  per  unit 

length  of  the  vibrator,  Ohm/m;  EQs(s)  is  the  compo¬ 
nent  of  the  electrical  field  of  the  impressed  sources 

^—ik^J(s—s')2+r2 

along  the  vibrator  axis;  G  (s,sr)  =  ; 

k  =  2tt  /  A  ,  A  is  the  wavelength  in  free  space 
(r  /  A«l);  uj  is  the  circular  frequency;  s^7)  is  the 
longitudinal  coordinate,  coupled  with  the  axis  (the 
surface)  of  the  vibrator;  J{s)  is  the  searched  current, 

suitable  for  the  boundary  conditions:  J(=LL)  =  0  . 

Both  the  field  of  impressed  sources  and  the  internal 
impedance  of  the  vibrator  can  be  represented  by  the 
sum  of  two  components  -  symmetrical  (the  index  “a”) 
and  antisymmetrical  (the  index  “a”)  relative  to  its 

geometrical  centre:  EQs  (s)  =  Es0s  (s)  +  E“s  (s) , 

z.  ( s )  =  zs.  ( s )  +  za.  ( s )  in  a  more  general  case.  Natural¬ 
ly,  at  this  the  current  in  the  vibrator  will  also  consist 
of  two  parts  -  J(s)  =  Js(s )  +  Ja(s ) ,  which  can  be 
represented  in  the  form  of  the  product  of  the  unknown 
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amplitudes  JsQa  on  the  set  functions  of  distributions 

fs,a(s ):  Js,a(s )  =  JsQafs,a(s).  Let  us  use  the  genera¬ 
lized  method  of  induced  electromotive  forces  (EMF) 
in  order  to  solve  the  equation  (1),  reliability  of  appli¬ 
cation  of  which  is  shown  in  [3]  for  vibrators  with  the 
variable  impedance. 

Then  (1)  is  transformed  into  the  system  of  the  al¬ 
gebraic  equations  of  the  second  order: 

JS(ZS  +  Fs2)  +  JaFsa  =  -(iu  /  2 k)E% 

-  ja  (Za  +  pa2  )  +  jspsa  =  /  2k)Ea .  ^  ’ 

The  following  symbols  are  accepted  in  (2): 


along  the  vibrator;  (pa(s)  =  signs  fe  (|  s  \  /s)  -  the 
stepped  alternating  distribution.  At  this  the  compo¬ 
nents  of  the  surface  impedance  along  the  vibrator  are 

defined  by  the  ratios  Z*  m  (ZS1  d=  Zg2)  /  2  ,  where 

ZS12  are  the  surface  impedances  of  the  first  and  the 

second  arms  of  the  vibrator,  correspondingly. 

Knowledge  of  the  real  distribution  of  the  current 
permits  to  calculate  all  suitable  electrodynamic  char¬ 
acteristics  of  the  impedance  vibrator.  So,  we  obtain 
the  following  expression  for  the  input  impedance  in 

the  feeding  points  if  =  R  +  X  ,  Ohm: 

c>  A  m  m  m  7 


Zs'a  = 


ps2,a2  _ 


X+e 

ds2 


f  ra(S')G(s,s')ds' 


ds, 


Ux) 


2  k 


j[r(s)fz:(s)ds, 


Fs,a  =  r  f(s\f“ts)zUs)ds, 

m  2k  J  ’ 


Es,a  = 


Lj 

f  r^ws. 


(3) 

The  solution  of  the  equations  system  (2)  at  the  vibra¬ 
tor  symmetrical  excitation  ( E“s  (s)  =  0 )  and  the 

asymmetrical  surface  impedance  ( za  (s)  ^  0 )  has  the 
following  form: 

(Za+Fz:2)fs(s)-F;;r(s) 


J(s)  =  —  —  Es 
2k 


(zs  +  Fzf)(za  +  f*2)  -  (f;;)2 


•(4) 


Let  the  vibrator  be  excited  by  the  hypothetical  gene¬ 
rator  of  the  voltage  VQ :  EsQs(s)  =  VQS(s)  in  the  centre 

(5  =  0).  Then  the  current  symmetrical  component  can 
be  approximated  by  the  following  function  [3]  rather 

precisely:  fs  ( s )  =  sin  k(L—  \  s  \ ) ,  where 

i27TZCP  1  Ln 

k  —  k - — ,  zcp  =  —  /  2.(s)ds  is  the  mean 

Zft  1  2  LiLl 

value  of  the  internal  impedance  along  the  vibrator 
length,  Z Q  =  1207 r  Ohm,  0  =  2  ln(2L  /  r) .  Let  us  use 
the  following  expression  for  the  current  antisymmetric- 
al  component  [3]:  fa  ( s )  =  sin  2 ks  —  2  sin  ks  cos  kL  . 

Let  us  represent  the  functions  zs.,a(s)  in  the  form 
zs.,a(s )  =  zs.,acps,a(s)  and  also  take  into  account  the 
following  ratio  2tt rzs’a  /  ZQ  =  Zssa  =  Rssa  +  iXssa  , 

where  Zssa  is  the  normalized  surface  impedance  of 
the  vibrator  [4]. 

We  shall  consider  the  following  functions  of  the 
impedance  distribution  (which  are  realized  rather  easi¬ 
ly  in  practice):  ^ps(s)  =  1  -  the  constant  distribution 


_  mi[(Zs  +  F82)  -  (. Fszaa)\Za  +  Ff )] 

m  ain2  hT  W 

Sill  rvL/ 


and  the  coefficient  of  reflection  S  into  the  feeding 
line  with  the  wave  resistance  W  equals: 


Z.  -  W 


z.  +  w 


(6) 


3.  Numerical  Results 

One  of  the  main  factors,  defining  the  range  of  the  use 
of  symmetrical  vibrators  in  antenna  practice,  is  the 
possibility  of  matching  of  its  input  impedance  with 
the  wave  resistance  of  the  feeding  feeder  line.  The 
suitable  matching  can  be  made  for  any  ratio  2L  /  \  at 
the  use  of  additional  elements  of  tuning  at  the  opera¬ 
tion  on  the  fixed  wave  length.  The  surface  impedance, 
distributed  on  the  vibrator  arms  in  one  or  another  way, 
can  be  used  as  such  an  “additional  element  of  tuning” 
successfully.  Let  us  show  this  possibility  with  the  help 
of  the  results  of  the  numerical  calculations  of  the  thin 
vibrators  electrodynamic  characteristics,  having  sym¬ 
metrical  excitation  and  asymmetrical  distribution  of 
purely  imaginary  surface  impedance. 

Fig.  1  represents  the  dependences  of  the  module  of 

the  coefficient  of  reflection  |  Sn  \  from  Xas  at 
Xss  =  const  for  the  vibrators  of  different  electrical 
length  2 L  /  AQ  (it  is  accepted  here  and  further,  that 
W  =  50  Ohm,  the  operating  frequency  fQ  =  3  GHz  , 
AQ  =10.0  cm,  correspondingly,  r  =  L  /  75  ).  As  it  is 
seen,  there  is  a  combination  of  the  values  Xss  and  Xa 

for  each  value  2F  /  AQ ,  at  which  the  coefficient  of 

reflection  is  minimal;  that  is,  the  vibrator  is  tuned  into 
resonance. 

The  current  amplitude  distributions  along  the  vibra¬ 
tors  with  the  electrical  length  2 L  =  0.25AQ  and 

2 L  =  0.4AQ  and  also  the  dependences  |  Sn  \  in  the 
band  of  frequencies  (Figs.  2,3)  have  been  calculated 
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in  order  to  ground  reliability  of  the  obtained  approx¬ 
imate  analytical  expression  for  the  current  (4). 

Fig.  2,3  also  represent  the  calculated  data,  obtained 
by  the  method  of  finite  elements,  realized  in  the  pro¬ 
gram  “Ansoft  HFSS”.  The  vibrators  represent  them¬ 
selves  metallic  conductors  of  the  radius  r.  ,  covered 
by  the  layer  of  the  magnetodielectric  of  the  thickness 
r  —  r  .  The  materials  of  the  covering  for  one  and  the 
other  arms  of  the  vibrators  on  the  frequency 
f  =  3  GHz  have  the  following  electrophysical  pa- 


Fig.  1.  The  influence  of  the  components  of  the  vibra¬ 
tor  asymmetrical  surface  impedance  on  |  Sn  | . 


s/L 

Fig.  2.  The  functions  of  the  current  distributions 
along  the  vibrators. 


Fig.  3.  The  dependences  |  Sn  |  from  the  frequency. 


rameters  [5]:  1)  A1203,  e1  =  10  —  i0. 015  ,  p>x  =  1.0  ; 

2)  ferrite  2CX  1,  =  10.6  -  i0.068  ,  p2  =  24.0  .The 

calculations  of  the  values  of  the  surface  impedance 
components  give  the  following  results  at  these  para¬ 
meters  of  the  magnetodielectrics  due  to  the  corres¬ 
ponding  formula  from  [4]:  a)  for  2 L  =  0.25AQ  and 

—  =  0.5  Z‘  =10“6+i0.09,  Zaq  =  10“6  +  ^0.08  , 

r  s  s 

b)  for  2  L  =  0.4A  and  =  0.88 

r 

Zss  =  1(T7  +  *0.027  ,  z;  =  10~8  +  *0.025  .  As  it 
follows  from  the  plots  in  Fig.  1,  these  values  are  close 
to  the  corresponding  ratios  between  Xss  and  Xas  for 
tuning  the  vibrators  into  resonance. 

4.  Conclusion 

Thus  the  made  investigations  showed,  that  availability 
at  vibrators  of  different  electrical  length  of  the  asym¬ 
metrical  distributed  surface  impedance  allows  to  tune 
them  into  resonance  with  rather  small  values  of  the 
coefficient  of  reflection  in  the  feeding  line  with  the  set 
wave  resistance  at  a  definite  value  of  the  operating 
frequency.  Reliability  and  also  the  degree  of  precise¬ 
ness  of  the  represented  approximate  analytical  expres¬ 
sions  for  the  vibrators  input  characteristics  have  been 
proved  by  the  comparison  with  the  calculated  data, 
obtained  by  the  method  of  finite  elements. 
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Abstract 

The  results  of  the  experimental  investigations  of  the  single  Ku  -band  radiator  based 
on  inverted  strip  dielectric  waveguide  are  presented.  The  basic  waveguide  structure  has 
a  few  advantages  in  comparing  with  other  structures  in  K  -band.  The  main  of  them  is 

an  ability  of  auxiliary  elements  arrangement.  The  investigating  structure  uses  exactly 
this  property.  The  radiator  is  a  combination  of  two  strip  resonators,  which  are  placed  on 
both  sides  of  a  dielectric  substrate.  The  essential  advantage  of  this  constmction  is  the 
ability  of  frequency  scanning  of  the  main  lobe  in  26-35  GHz  band. 

Keywords:  Radiator,  inverted  strip  dielectric  waveguide. 


1.  Introduction 

The  designing  of  systems  for  superfast  processing  of 
signals  is  actual  problem  of  modem  radioelectronic 
and  computer  technology.  The  successful  decision  of 
this  problem  defines  by  possibilities  of  transmitting  of 
signals  with  spectral  components  of  ultra  high  fre¬ 
quencies,  super  high  frequencies  and  optical  band 
frequencies.  Therefore,  the  necessity  of  functional 
elements  of  these  frequency  bands  designing  is  ap¬ 
pearing. 

The  radiator  systems  and  elements  are  widely  used 
in  modern  radiotechnical  equipment.  It  is  very  impor¬ 
tant  to  have  ability  to  use  the  radiators  of  different 
types  and  forms,  to  account  their  arrangement  in  dif¬ 
ferent  types  of  the  transmission  lines  and  techniques 
of  their  excitation  because  these  factors  determine  the 
efficiency  of  radiating  systems  and  respectively  para¬ 
meters  of  receiving-transmitting  equipment  as  a 
whole. 

The  strip  radiators  in  combination  with  image  iso¬ 
lated  dielectric  waveguide  have  high  level  of  integral 

parameters  in  K  band,  they  characterize  of  good 

adaptability  to  manufacture  and  reproducibility  of 
characteristics  with  the  series  production  [1,2]. 

Using  an  inverted  strip  dielectric  waveguide 
(ISDWG)  as  basic  transmission  line  in  the  radiating 
stmctures  opens  new  possibilities  to  improve  integral 
parameters  of  radiators  [3,4].  The  validity  of  this 
statement  explains  by  essential  character  of  inverted 
strip  dielectric  waveguide  is  less  loss  in  millimeter 
band  than  another  types  of  transmission  lines. 

Obviously,  that  the  fundamental  properties  of  these 
hybrid  metal-dielectric  structures  may  be  determinate 


if  the  characteristics  of  single  radiating  element  in 
combination  with  ISDWG  are  known.  The  investiga¬ 
tion  of  characteristics  of  the  single  conducting  radiator 

K  band  on  ISDWG  is  the  subject  of  present  thesis. 

2.  Analysis 

The  structure  with  single  radiator  in  combination  with 
ISDWG  is  represented  in  Fig.  1.  The  design  consists 
of  metalized  basis  -  1,  dielectric  rod  -  2,  dielectric 
substrate  -  3,  conducting  strips  -  4,5,  placed  on  two 
sides  of  dielectric  substrate  3  one  above  another.  One 
of  the  ends  of  conducting  strips  4,5  reaches  the  middle 
of  dielectric  rod  2.  Such  arrangement  provides  the 
maximum  transferring  of  SHF  energy  from  transmis¬ 
sion  line,  formed  by  elements  1-3,  to  conducting 
strips  4,5.  Due  to  ISDWG  is  multimode  structure,  the 
excitation  of  radiator  may  be  carry  out  at  several  fre¬ 
quencies,  that  leads  to  the  multichannel  work  of  ex¬ 
amined  radiator. 

The  properties  of  single  radiator  were  determined 
experimentally.  The  design  of  radiator  characterized 
as:  dielectric  rod  made  from  the  polystyrene  with 
e  =  2.5  and  with  the  cross-section  7x3  mm,  the 
dielectric  substrate  made  from  alumina  with  5  =  9.6, 
conducting  strips  have  the  sizes  12  x  6.8  mm  and 
12x2.5  mm  and  they  were  made  by  the  thin-fllm 
technology. 

The  excitation  of  the  structure  was  realized  with 
the  help  of  rectangular  waveguide  with  the  cross- 
section  7.2  x  3.4  mm  [4].  The  26  A  35  GHz  frequen¬ 
cy  band  was  the  operating  range.  In  Fig.  2  the  depen¬ 
dences  of  VSWR  in  operating  range  for  two  versions 
of  the  conducting  strips  (curve  1  corresponds  to  radia- 
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Fig.  1.  The  structure  with  single  radiator  based  on 
ISDWG. 


Fig.  2.  The  VSWR  dependence  in  operating  range 
of  radiator  with  the  different  sizes  of  the 
conducting  strips. 

tor  with  sizes  12x2.5  mm,  curve  2  corresponds  to 
radiator  with  sizes  12x6.8  mm)  are  represented. 

As  it  follows  from  the  experimental  results,  the 
VSWR  dependences  in  operating  range  have  an  oscil¬ 
lating  character.  One  can  observed  the  enough  broad¬ 
band  frequency  bands  (channels)  in  the  operating 
range  with  VSWR  <  1.4.  As  it  follows  from  the 
represented  results  the  channels  with  the  values 
VSWR  <1.4  are  observed  for  both  versions  of  geo¬ 
metrical  sizes  of  strips. 

It  may  be  predicted  that  such  structure  radiate  in 
the  channels  with  minimum  of  VSWR  values  if  the 
minimum  of  dissipative  losses  are  observed  in  basic 
waveguiding  structure.  This  fact  finds  it’s  acknowled¬ 
gement  in  pattern  characteristics  of  examined  radiat¬ 
ing  structure. 

The  radiation  patterns  for  two  versions  of  the  con¬ 
ducting  strips  sizes  in  frequency  channels  are  given  in 
Fig.  3,  4. 

The  characteristics  represented  in  Fig.  3  correspond 
to  radiator  with  sizes  12x2.5  mm  (curves  1,2,3  are 
plotting  at  the  frequencies  27.92  GHz,  29.6  GHz, 
32.12  GHz,  accordingly).  As  it  follows  from  given 
data,  the  pattern  characteristics  are  double-beam.  It  is 
evident  that  the  radiation  maximums  are  displaced 
from  the  normal  line  of  structure,  and  the  values  of 


Fig.  3.  Radiation  pattern  of  radiator  with 
12  x  2.5  mm  sizes  of  the  conducting  strips 


Fig.  4.  Radiation  pattern  of  radiator  with 
12  x  6.8  mm  sizes  of  the  conducting  strips. 

these  displacements  depend  on  the  width  of  the  con¬ 
ducting  strips,  frequency  and  they  reach  approximate¬ 
ly  40°  Hr  50° ,  the  beam  width  is  10°  #  15°  at  0.5 
power  level. 

In  the  Fig.  4  the  sizes  of  radiator  are  12  x  6.8  mm 
(curves  1,  2,  3  are  plotted  at  the  frequencies  27  GHz, 
31.2  GHz,  33  GHz  accordingly). 

Analyzing  the  data  represented  in  Fig.  3,  4  one  can 
note  that  the  radiation  effect  is  really  observing  near 
the  frequencies  with  the  minimum  of  VSWR  values. 
The  level  of  radiating  power  depends  on  geometry  of 
strips.  If  one  will  compare  the  observed  experimental 
results  it  may  be  establish  that  variations  of  conduc¬ 
tive  strips  sizes  lead  to  narrowing  the  width  of  lobes 
and  to  reducing  of  side  lobe  in  pattern  characteristics. 

In  Fig.  5,6  the  pattern  characteristics  for  investi¬ 
gated  structure  are  represented. 

In  Fig.  5  (the  curves  1,  2,  3  correspond  to  the  fre¬ 
quencies  of  27  GHz,  31.2  GHz,  33  GHz)  and  Fig.  6 
(the  curves  1,  2,  3  correspond  to  the  frequencies  of 
27.92  GHz,  29.64  GHz,  32.12  GHz).  These  pattern 
characteristics  were  investigated  in  frequency  ranges 
with  maximum  VSWR  values  for  resonators  with 
sizes  12  x  2.5  mm  (Fig.  5)  and  12  x  6.8  mm  (Fig.  6). 

Comparing  the  results  represented  in  Fig.  3-6  it  is 
obvious  that  frequency  shift  in  the  channel  of  radia¬ 
tion  leads  both  to  redistribution  of  energy  and  to  the 
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Fig.  5.  Radiation  pattern  of  radiator  with 
12  x  2.5  mm  sizes  of  the  conducting  strips 


Fig.  6.  Radiation  pattern  of  radiator  with 
12  x  6.8  mm  sizes  of  the  conducting  strips. 

changes  of  pattern  characteristics.  These  effects  may 
be  explained  by  multimode  regime  of  ISDWG. 


It  may  be  state  that  the  carried  out  experimental  in¬ 
vestigations  confirm  the  successful  possibility  of  in¬ 
verted  dielectric  waveguide  using  as  a  basic 
transmission  line  in  radiating  structure  design  prob¬ 
lem.  The  self-evident  advantage  of  such  design  is  the 
possibility  of  matching  with  internal  devices  in 
enough  wide  frequency  band.  The  variation  of  radia¬ 
tor’s  parameters  allows  varying  the  level  of  radiating 
power  and  the  form  of  pattern  characteristics.  The 
receive  results  allow  to  predict  the  designing  of  effec¬ 
tive  radiation  systems  with  high  level  of  integral  cha¬ 
racteristics. 
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Abstract 

The  aim  of  the  experimental  investigation  is  to  compare  efficiency  of  radiation  in 
different  modes  of  excitation. 

Keywords:  Large  current  radiator,  UWB  antennas,  excitation  of  LCR. 


1.  Introduction 

The  process  of  forming  of  powerful  pulses  for  UWB 
antennas  excitation  consists  of  two  stages.  The  first 
one  is  storage  stage.  At  that  the  energy  necessary  for 
pulse  has  to  be  accumulated.  The  second  stage  is  stage 
of  the  pulse  generating.  A  switching  element  changes 
its  conductivity  and  it  results  in  forming  the  pulse 
with  a  certain  temporal  parameters.  In  common  a  ca¬ 
pacitor  is  used  as  an  accumulating  energy  element.  It 
is  attractive  because  of  it  gives  a  possibility  to  store 
the  energy  for  pulse  quite  long  term. 

However  there  is  another  well  known  way  to  store 
energy  for  a  pulse.  This  is  accumulation  energy  in 
inductance.  At  that  the  energy  is  accumulated  in  a 
magnetic  field  around  the  inductance.  If  the  circuit  is 
disconnected  very  quickly,  a  short  pulse  of  electromo¬ 
tive  force  with  a  very  high  voltage  raises  at  the  ter¬ 
minals  of  inductance.  The  rise  time  and  amplitude  of 
the  pulse  depend  on  rate  of  change  of  the  circuit  resis¬ 
tance  and  difference  between  its  values  before  and 
after  switching  off  the  current. 

Energy  storage  in  inductance  in  order  to  form 
pulses  of  electromagnetic  field  have  been  used  in  the 
earliest  experiments  on  energy  transmission  by  Nicola 
Tesla  or  radio  communication  by  Oliver  Lodge  for 
example,  [1].  There  are  modern  scientific  publications 
that  describe  use  of  this  method  of  radiation  for  ener¬ 
gy  transmission  [2]  and  for  ground  penetrating  radi¬ 
olocation  [3].  The  paper  [4]  contains  description  of 
the  method  of  pulse  signal  generation  which  is  used  in 
these  experiments. 

This  way  of  the  pulse  forming  is  inherent  for  the 
large  current  radiator  (LCR)  exactly.  Since  the  induc¬ 
tance  of  the  antenna  prevents  to  fast  rising  of  the  cur¬ 
rent,  exciting  such  an  antenna  by  pulse  with  short 
front  causes  problems.  At  the  same  time  it  is  not  diffi¬ 
cult  to  disconnect  circuit  with  large  current  during  the 
fractions  of  nanosecond.  Since  efficiency  of  the  LCR 
radiation  does  not  depend  on  whether  the  current  rise 


or  fall,  based  on  the  stopping  of  large  current  way  of 
excitation  is  really  inherent  for  LCR.  It  is  attractive 
that  the  radiating  element  of  LCR  itself  could  be  used 
as  energy  storing  element  of  pulse  generator. 

2.  Impulse  Generation 

The  figures  1  and  2  could  help  to  understand  pecu¬ 
liarity  of  the  antenna  driving.  At  the  beginning  the 
switch  S  is  closed.  When  we  apply  voltage  Ul  the 
current  j  flows  through  the  radiator.  As  far  as  the 

radiator  has  inductance  the  current  rise  time  is  quite 
long.  When  the  current  riches  its  maximum  (the  max¬ 
imum  value  depends  on  output  impedance  of  the  pulse 
source  and  could  be  very  large)  we  open  the  switch.  If 
the  switching  time  is  one  or  less  nanosecond,  the  vol¬ 
tage  U 2  across  the  switch  S  rises  to  very  high  ampli¬ 
tude.  It  is  an  electromotive  force  induced  by  current 
when  we  interrupt  it  in  the  circuit  with  an  inductance. 
This  electromotive  force  produces  pulse  of  electro¬ 
magnetic  field  that  propagates  of  antenna.  So,  the  idea 
is  to  store  energy  around  the  loop  in  form  of  magnetic 
field  during  quite  long  term  (unlike  the  common  case 
when  the  energy  usually  is  stored  in  capacitance  of  a 
pulse  generator)  and  to  launch  the  energy  in  form  of 
short  pulse  of  electromagnetic  wave  into  free  space  by 
means  of  switching  off  the  switch  S  . 

3.  Antenna  Design 

An  appropriate  driver  for  the  LCR  (Fig.2)  was  devel¬ 
oped.  Amplitude  of  electromotive  force  is  200  V  and 
rise  time  could  be  in  the  range  from  0.15  ns  to  0.5  ns 
(fixed  value).  The  picture  of  LCR  is  in  figure  2.  Width 
of  the  radiator  is  7  cm  and  length  is  9  cm  (including  a 
printed  circuit  board)  and  height  is  3  cm.  Several  expe¬ 
riments  were  carried  out  to  evaluate  properties  of  LCR. 
The  aim  of  the  experiments  was  to  compare  efficiency 
of  radiation  in  different  modes  of  excitation. 


978-1-4244-7468-4/10/126  ©2010  IEEE 


Proper  Mode  of  Excitation  for  Large  Current  Radiators 


Radiator 


Fig.  1.  Principle  of  short  impulse  generation  with 
inductance. 


4.  Modes  of  Excitation 

4. 1 .  Mode  1 .  Energy  Storage  in  LCR 

The  essence  of  the  first  mode  is  described  above.  Ra¬ 
diator  is  connected  to  the  secondary  winding  of  the 
transformer  (Fig.  3).  When  voltage  pulse  £7=12  V 
from  the  pulse  generator  is  applied  to  the  primary 
winding  and  switch  is  closed  the  current  flows 
through  the  radiator.  It  rises  quite  slowly  however  it 
gets  amplitude  up  to  10  A.  It  lasts  for  tens  nanose¬ 
cond.  Than  we  switch  off  the  S  .  LCR  radiates.  Shape 
of  the  radiated  pulse  at  the  distance  50  cm  from  the 
LCR  is  shown  in  Fig.  3. 


Fig.  2.  Test  model  of  the  LCR. 


Fig.  3.  Mode  1 .  Driving  circuit  and  radiated  signal. 

4.2.  Mode  2.  Energy  Storage 
in  a  Transformer 

The  second  mode  rather  is  high  voltage  mode.  It  dif¬ 
fers  from  the  first  one  with  following.  The  switch  S 
is  removed  from  the  ends  of  antenna  arms  to  the  ends 
of  the  secondary  winding  (Fig.  4).  In  order  to  prevent 
the  current  flow  through  the  radiator  before  the  driv¬ 
ing  pulse  is  generated  with  S  antenna  arms  are  dis¬ 
connected  at  the  ends.  The  driving  pulse  is  generated 
after  interrupting  current  in  the  secondary  winding.  As 
a  result  the  antenna  radiates  (Fig.  4). 

4.3.  Mode  3.  Energy  Storage 

in  a  Transformer.  Loaded  Antenna 

Third  mode  is  between  the  large  current  mode  and  the 
high  voltage  mode.  The  driving  signal  arises  at  the 
end  of  the  secondary  winding  of  transformer  (Fig.  5). 
The  ends  of  the  radiator  are  connected  by  means  of 
resistor  R=240  Ohms.  The  antenna  radiates  Signal  3 
(Fig.  5)  in  this  case. 

4.4.  Mode  3 .  Impulse  Forming  in  a 
Separated  Pulse  Generator 

The  forth  mode  corresponds  to  usually  used  mode 
when  the  driving  signal  is  formed  in  the  independent 
pulse  generator  and  then  delivered  to  the  radiator  by 
means  of  feeder  (Fig.  6).  A  pair  of  50  Ohms  coaxial 
cables  was  used  for  this.  Their  length  is  0.6  m.  Taking 
into  account  that  pulse  propagates  from  the  switch  S 
to  the  radiator  for  3  ns  it  is  reasonable  to  suppose  that 
inductance  of  the  radiator  does  not  participate  in  the 
driving  pulse  generating.  The  antenna  radiates  Signal 
4  (Fig.  6)  in  this  case. 
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Fig.  4.  Mode  2.  Driving  circuit  and  radiated  signal. 


Conclusions 

Comparison  of  results  of  experiments  shows  that 

•  The  large  current  mode  is  the  most  effective  be¬ 
cause  of  the  largest  amplitude  of  radiated  field  is 
generated  in  the  large  current  mode  (mode  1). 

•  It  produces  the  shortest  pulses  in  the  form  of  the 
first  derivative  of  the  Gaussian  pulse. 
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Fig.  6  Mode  4.  Driving  circuit  and  radiated  signal. 

•  There  are  afterpulse  oscillations  in  each  of  the 
signals.  Nevertheless  the  lowest  "ring”  is  in  the 
large  current  mode. 

Thus,  the  proper  mode  for  LCR  excitation  is  the  large 

current  mode. 
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AMPLITUDE  UP  TO  20  KV  AND  PULSE 
REPETITION  RATE  UP  TO  104  PULSES  DESIGNED 
FOR  OPERATION  WITH  VARIOUS  RADIATORS 

Boyko  M.  I.,  Bortsov  A.  V.,  Evdoshenko  L.  S.,  Ivanov  V.  M. 

RDI  “Molniya”  NTU  “KPF,  Kharkov,  Ukraine 
E-mail:  eft@kpi.kharkov.ua 


Abstract 

High-voltage  generator  of  wideband  pulses  with  amplitude  up  to  20  kV  on  the  ge¬ 
nerator  output  and  pulse  repetition  frequency  up  to  104  pls/s  has  been  created.  The 
pulses  can  be  radiated  with  help  of  different  radiators:  TEM-hom,  spiral  antenna,  V- 
antenna  and  others.  The  generator  is  implemented  on  the  base  of  pulsed  transformer 
with  short  transient  response.  Primary  (in  low-voltage  circuit)  switching  is  carried  out 
with  help  of  IGBT-transistors.  High-voltage  nanosecond  switching  is  carried  out  by 
air  multigap  multichannel  spark  discharger. 

Keywords:  High-voltage  generator,  pulsed  transformer,  multigap  multichannel  spark 
discharger,  IGBT-transistor,  radiator. 


Generators  of  high-voltage  wide-band  pulses  with 
high  (~104  pls/s  and  more)  pulse  repetition  rate  are 
promising  for  various  technologies  [1,2]. 

The  diagram  of  created  generator  is  given  in  Figure  1 . 

Present-day  transistor  switches  can  afford  power 
switching  of  energy  from  low-voltage  energy  storage 
C0  into  high-voltage  storage  Ch  with  pulse  repetition 
(operation)  rate  up  to  106  pls/s.  Uimiting  factor  is  du¬ 
ration  tpT  of  transient  response  of  pulsed  transformer 

tpT  ~  ^  V  A-  Ch  > 

where  Ls  -  leakage  inductance  of  PT  relative  to  high- 
voltage  winding.  Difficult,  but  solvable,  problem  is 
the  task  to  obtain  tPT~l  jas=10"6s  at  transformation 


ratio  Kt=w2/wi~\00,  C/*=10"10F,  where  wly  w2  -  the 
numbers  of  turns  in  low-voltage  primary  and  high- 
voltage  secondary  windings  of  PT,  respectively. 

In  the  created  generator  in  the  transistor  switch, 
IGBT  transistors  with  free-wheeling  diodes  are  used, 
which  allows  to  switch  currents  -150-200  A  during 
tens  of  nanoseconds. 

The  most  critical  element  of  the  generator  is  high- 
voltage  switch  which  should  ensure  switching  times  of 
few  nanoseconds  and  less  at  pulse  repetition  rate  fr  up  to 
fr=  104pls/s  (and  more)  for  efficient  operation  of  radiator. 

As  radiators  on  the  output  of  the  generator, 
TEM(T)-homs,  helical  antennas,  V-antennas  were 
successfully  used. 


C0  -  low- voltage  storage  capacitance;  VT  -  transistor  switch  defining  high  pulse  repetition  frequency  in  high- 
voltage  load;  PT  -  pulsed  step-up  transformer;  Ch  -  capacitance  of  high-voltage  energy  storage;  MGD  -  multi¬ 
gap  air  discharger;  Lh  -  spurious  inductance;  CL,  Ll  -  capacitance  and  inductance  of  loadZC-loop. 

Fig.  1.  The  diagram  of  created  generator. 
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Because  characteristic  electrical  dimensions  of  high- 
voltage  storage  Ch  are  essentially  less  than  1  ns=10"9s, 
there  is  no  necessity  to  match  it  with  radiator.  This  sig¬ 
nificantly  simplifies  the  design  of  the  generator. 

Multi-gap  multi-channel  spark  discharger  created 
in  our  laboratory  was  used  as  high-voltage  switch. 
The  discharger  ensures  pulse  repetition  rate  up  to 
104pls/s  at  working  voltages  up  to  20  kV.  Photo  of 
this  discharger  is  presented  in  Fig.  2. 


This  discharger  was  implemented  as  an  air  one  and 
works  under  atmospheric  pressure,  which  simplifies 
essentially  its  design  and  makes  it  easy  to  manufacture. 

The  following  requirements  allowing  to  increase 
pulse  repetition  frequency  to  maximal  extent  at  the 
expense  of  quick  recovery  of  electrical  strength  of  gas 
in  discharging  gaps  are  realized  in  the  discharger  [3, 
4]:  multigapness;  short  times  of  fronts  of  pulses 
formed  by  this  discharger;  use  of  gas  having  short 
recovery  times  of  electrical  strength  (air);  improve¬ 
ment  of  conditions  for  displacement  of  base  of  sparks 
along  electrodes  from  pulse  to  pulse  (the  conditions 
were  created  that  spark  channels  should  displace  from 
pulse  to  pulse  and  shouldn’t  form  along  the  trajecto¬ 
ries  that  already  took  place),  improved  conditions  for 
cooling  and  decay  of  plasma  in  spark  channels  after 
termination  of  each  pulse. 

Under  conditions  of  frequency  mode  operation, 
minimal  achievable  switching  time  4.mg£>~10  9s.  This 


means  that  front  duration  tf  of  pulses  on  radiator  can 

be  tf^tSMGD~  1 0  9s. 

Period  TL  of  own  oscillations  in  LlCl- loop  with 
Ll=  10'6  H,  Q=10"12  F  is 

Tl  =  2  =  6,28VlO“6xlO“12  =  6,28  •  10“9s. 

High-voltage  capacitance  storage  of  the  generator 
can  be  approximately  considered  as  a  point  source 
having  low  internal  impedance.  The  generator  can 
work  with  both  directional  and  nondirectional  radia¬ 
tors  including  multi-antenna  radiators. 

It  should  be  noted  that  in  this  generator  MGD  and 
LlCl- loop  are  also  radiators  of  electromagnetic 
pulses. 

Structurally  the  generator  consists  of  (includes) 
three  main  parts:  generator  of  initial  pulses,  step-up 
pulsed  transformer  PT  with  high-voltage  storage  Ch 
and  former  of  radiation,  consisting  of  MGD,  LlCl- 
loop  and  radiator  itself  of  such  or  another  design. 

Overall  dimensions  of  the  generator  of  initial 
pulses:  -400  mmx300  mmx200  mm.  Dimensions  of 
PT  with  Ch  are  -200  minx  1 50  mmxlOO  mm.  Charac¬ 
teristic  dimension  of  MGD  is  -100  mm,  LlCl- loop 
has  the  same  dimension.  Characteristic  dimension  of 
the  radiator  is  no  more  than  1000  mm. 

The  generator  doesn’t  have  scarce  elements. 

Under  input  impedance  of  radiator  Z^-100  Ohm 
and  voltage  across  its  input  Uin= 20  kV,  pulsed  power 
Ppuis  at  the  input  of  radiator  is 

Ppuis=Uin2/Zin={ 2  104)2/ 100=4  106(W) 
and  average  power  Pav  at  the  input  of  radiator  is 
Pav=Ch  Uin2/2 /.=10"10F  (2  1 04V)2 1 0 VV2=200  (W). 
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Abstract 

The  directional  characteristics  of  arrays  of  isotropic  radiators,  Hertz  dipoles  and 
half-wave  dipoles  located  above  the  screen  at  the  arbitrary  distance  were  theoretically 
investigated.  To  ensure  minimum  distortion  of  the  form  of  ultra- wideband  pulse  sig¬ 
nal  radiated  by  the  array,  it  is  proposed  to  use  the  radiators  of  various  lengths  and  ar¬ 
range  them  at  the  different  distances  from  the  screen. 

Keywords:  Pattern,  rarefied  array,  isotropic  radiators,  directional  characteristics. 


1.  Introduction 

At  present  time  the  parabolic  reflector  antennas  are 
widely  used  as  highly  directive  broadband  antennas 
(as  the  antennas  for  space  communication  systems  as 
ultra-wideband  antennas  for  radar  systems,  subsurface 
sounding)  [1].  This  is  primarily  due  to  the  fact  that  in 
such  antennas  the  transformation  of  the  inhomogenei¬ 
ties  of  spherical  wave  of  radiator  into  inhomogeneous 
plane  wave  at  the  radiating  aperture  of  the  reflector  in 
the  transmit  mode  or  the  focus  of  the  incident  wave  at 
the  reflector  at  the  focus  of  the  parabola  in  receiving 
regime  occurs  regardless  from  the  frequency  of  the 
electromagnetic  wave  (in  practice,  the  restrictions, 
surely,  occurs:  at  the  low-frequency  range,  the  size  of 
reflector  should  be  larger  than  the  wavelength,  and  at 
the  high-frequency  range  the  manufacturing  recourse 
of  the  reflector  surface  should  not  exceed  Amin/32). 
At  reflector  radiation  by  UWB  pulse  signal,  the  dis¬ 
tortion  of  the  pulse  form  occurs  because  of  the  gain  of 
a  reflector  antenna  and,  hence,  its  transfer  function  is 
proportional  to  the  square  of  the  electrical  dimensions 
of  the  radiating  aperture.  In  addition,  the  reflector 
antennas  have  the  large  volumes,  which  limit  their  use 
in  UWB  radar  for  subsurface  radio  sounding. 

Thus,  the  requests  almost  lead  to  the  necessary  to 
find  the  alternatives  to  high  gain  antennas  for  UWB 
radio  systems.  It  is  obvious  that  as  such  variants  the 
plane  or  conformal  antenna  arrays  of  near- 
omnidirectional  radiators  can  be  used.  The  principal 
feature  of  arrays  in  comparison  with  reflector  anten¬ 
nas  is  the  distortion  of  the  signal  due  to  a  larger  num¬ 
ber  of  different  factors.  A  fundamental  influence  on 
the  directional  characteristics  are  two  factors: 

•  Change  of  the  pattern  form  and  energy  characteristics 
of  the  radiator  (an  element  of  the  array  in  the  fre¬ 
quency  range)  due  to  the  finite  length  of  the  radiator; 


•  Change  of  the  form  of  radiation  pattern  and  energy 
characteristics  of  the  antenna  array  with  a  fixed  dis¬ 
tance  between  the  radiators  due  to  the  changes  of  elec¬ 
trical  values  both  the  distance  between  radiators  and 
electrical  dimensions  array  in  the  frequency  range. 
Physical  phenomena  and  limitations  associated 
with  the  first  factor  studied  in  [2]  for  the  case  of  a 
linear  wire  dipole  of  finite  length.  The  determining 
factor  for  the  solution  of  the  formulated  problem  of 
creating  a  planar  UWB  antenna  array  of  such  radiators 
is  the  formation  of  zero  in  the  direction  of  the  normal 
to  the  radiator  at  frequencies  at  which  its  electrical 
length  is  an  even  number  of  quarter  wavelengths.  Ob¬ 
viously,  this  circumstance  can  be  overcome  using 
linear  radiators  of  different  lengths  in  the  array. 

Peculiarities  of  the  directional  patterns  of  arrays  of 
linear  near-omnidirectional  radiators  with  change  of 
frequency  in  a  very  wide  range  studied  by  us  [3]  and  it 
was  shown  that  in  co-phase  arrays  at  high  frequencies, 
the  direction  of  the  main  maximum  of  pattern  is  not 
changed.  The  dependence  of  the  directivity  gain  of  the 
electrical  antenna  length  first  increases  to  the  maxi¬ 
mum  achievable  value,  and  then  oscillates  with  de¬ 
creasing  amplitude  and  in  the  limit  this  value  is  equal 
to  the  number  of  radiators. 

Clearly,  these  conclusions  require  clarification  in 
the  case  of  antenna  arrays  with  plane  screens,  creating 
unidirectional  radiation.  Indeed,  according  to  the  me¬ 
thod  of  images,  linear  vibrator,  located  parallel  to  the 
screen,  will  form  a  null  in  the  direction  of  normal  to 
the  screen,  when  the  electrical  distance  between  the 
vibrator  and  the  screen  is  equal  to  an  even  number  of 
quarter  wavelength  in  the  free  space. 

The  purpose  of  this  report  is  to  study  the  direction¬ 
al  characteristics  of  co-phase  arrays  and  near- 
omnidirectional  radiators  located  above  the  screen  at 
an  arbitrary  height. 
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2.  Analysis  of  the  Calculation 
Results 

As  in  [3],  the  pattern  of  the  studied  radiating  systems 
will  be  considered  in  the  simplest  case  for  analysis  of 
linear-phase  equidistant  arrays,  and  to  find  the  directivi¬ 
ty  gain  by  integration  of  the  power  radiation  pattern 

H2 

Dm  =  i  J\F(epoSede 

/  o 

The  influence  of  the  screen  will  be  taken  into  ac¬ 
count  by  the  method  of  images. 

According  to  calculations  by  the  geometric  theory 
of  diffraction  [4],  the  method  of  images  satisfactory 
describes  the  directional  characteristics  of  the  radia¬ 
tors  with  plane  finite  screens  at  the  size  of  the  screen, 
the  edges  of  which  are  separated  from  the  radiator  to 
0,5  ...  1  wavelengths.  Let  us  first  analyze  the  influence 
of  the  screen  on  the  pattern  sparse  array  for  the  most 
important  practical  case  when  the  distance  between 
the  radiator  and  the  screen  is  equal  to  a  quarter  wave¬ 
length.  This  distance  defining  the  height  of  the  anten¬ 
na  is  the  minimum  distance  at  which  the  local 
maximum  gain  of  the  arrays  is  provided.  To  illustrate 
the  qualitative  changes  in  the  radiation  pattern  when 
changing  the  distance  between  the  radiators  in  Fig.  1 
shows  the  pattern  of  the  in-phase  equidistant  array  of 
isotropic  radiators  excited  by  currents  of  equal  ampli¬ 
tude  for  different  distances  between  the  radiators.  The 
first  version  of  d  /  A  =  0.5  illustrates  the  directional 
pattern  of  a  classical  array,  the  second  one  with 
d  /  A  =  1  shows  the  features  of  the  pattern  of  the 
array  with  a  maximum  gain  -  a  significant  reduction  in 
the  width  of  the  main  lobe  and  the  growth  of  the  far 
sidelobes. 

The  third  variant  illustrates  the  case  of  very  sparse 
array  of  d  /  A  =  10  ,  when  the  pattern  has  interfe¬ 
rence  (diffraction)  lobes.  The  figure  shows  that  in  the 
whole  range  of  distances  between  the  radiator  within  a 
1-20  the  main  maximum  of  the  pattern  is  directed,  as 
expected,  along  the  normal  to  the  array.  The  direc¬ 
tions  of  diffraction  and  sidelobes  are  changed  with 
changing  d  /  A  .  Consequently,  when  the  array  is  ex¬ 
cited  by  UWB  pulse  signal,  the  smallest  distortion  of 
the  pulse  occur  in  the  direction  of  normal  to  the  array. 
In  other  directions  in  the  case  of  very  sparse  array,  the 
pulse  shape  and  spectral  characteristics  of  the  signal 
will  be  changed  significantly. 

The  changes  of  signal  parameters  in  the  direction 
of  normal  to  the  array  occur  due  to  changes  in  the  gain 
of  the  radiating  system.  Fig.  2  shows  the  calculated 
dependence  of  gain  from  the  electrical  length  of  the 
array  of  isotropic  radiators,  spaced  at  A  /  4  from  the 
flat  screen.  It  is  seen  that  the  maximum  gain  occurs 
when  the  distance  between  the  radiators  is  a  little  bit 
less  than  the  wavelength  and  with  further  increase  in 
the  distance  or  decrease  in  the  wavelength,  the  gain 
changes  slightly.  Consequently,  in  the  spectrum  of 


Fig.  1.  The  radiation  patterns  of  a  linear  array  of 
eight  isotropic  radiators  located  above  the 
screen  when  h  /  A  =  0.25  . 

ultra-wideband  impulse  signal,  low-frequency  com¬ 
ponents  will  be  increase,  while  the  high  frequency 
components  will  be  changed  insignificantly  during 
radiation  due  to  directivity  of  the  array. 

The  same  result  can  be  obtained  by  accounting  the 
directivity  of  radiators.  Fig.  3  shows  the  dependence 
of  gain  of  equidistant  array  of  8  radiators  in  the  form 
of  isotropic  radiators,  Hertz  dipoles  and  half-wave 
dipoles  from  the  distance  between  the  radiators.  It  can 
be  seen  from  Fig.  3,  that  in  the  low-frequency  range 
the  directivity  of  radiators  does  not  influence  signifi¬ 
cantly  on  the  amplitudes  of  spectral  components.  In 
the  high-frequency  range,  the  influence  of  radiator 
directivity  (the  element  of  antenna  array)  is  greater, 
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Dm,  dB 


Fig.  2.  Dependencies  of  the  gain  from  the  electrical 
length  of  antenna  array. 


Fig.  3.  Dependences  of  gain  of  array,  consisting  8 
radiators,  versus  d  /  A  . 

namely:  the  greater  radiator  directivity,  the  less  varia¬ 
tion  of  amplitude  of  high-frequency  spectral  compo¬ 


nents.  The  same  results  were  obtained  for  big  dis¬ 
tances  from  the  array  and  screen. 

Thus,  narrow-beam  plane  antenna  arrays  can  be 
realized  with  minimal  distortions  of  the  form  of  a 
pulse  signal  in  the  direction  of  normal  to  the  array.  In 
the  case  of  using  the  screens,  it  is  necessary  to  place 
the  radiators  of  the  array  at  the  different  distances 
from  the  screen. 

3.  Conclusion 

The  radiation  pattern  and  gain  of  linear  co-phase 
equidistant  arrays  was  theoretically  investigated  in 
dependence  from  its  number,  distance  between  them 
and  distances  from  the  array  to  screen.  It  was  shown 
that  minimum  distortion  of  the  ultra-wideband  pulse 
signal  occurs  in  the  direction  of  normal  to  the  array.  In 
the  case  of  very  short  pulses,  the  necessary  to  use  the 
radiators  of  difference  length  and  place  them  on  dif¬ 
ferent  distances  from  the  screen  can  appear. 
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Abstract 

The  frequency  and  power  capabilities  of  the  nitride  semiconductor-A3B5-based 
Gunn  diodes  are  evaluated  using  a  temperature  model  of  the  intervalley  electron 
transfer.  Prospects,  problems  and  characteristics  of  the  nitride  semiconductors  in 
TED’s  for  the  harmonic  and  biharmonic  modes  are  discussed. 


1.  Introduction 

The  efficient  method  to  increase  the  frequency  cutoff  of 
Gunn  diodes  (TED’s)  is  a  biharmonic  mode  (generation 
of  harmonics).  In  this  regard  the  A3B5  nitride  Gunn  dio¬ 
des  characteristics  are  of  interest.  The  nitride  semicon¬ 
ductors  have  a  high  mobility  and  relaxation  rate  of 
electrons.  The  transport  characteristics  of  AIN,  InN,  GaN 
have  been  investigated  in  [1].  These  results  reveal  about 
perceptively  of  AIN,  InN  and  GaN  for  submillimeter- 
wave  Gunn  diodes.  Microwave  generation  of  the  funda¬ 
mental  harmonic  via  the  mechanism  of  semiconductor 
nitrides  Gunn  diodes  is  found  out  theoretically  in  [2]. 
However,  experimentally  the  oscillations  haven’t  been 
obtained  in  Gunn  diodes  based  on  semiconductors  ni¬ 
tride.  This  work’s  purpose  is  to  investigate  the  characte¬ 
ristics  of  InN,  GaN  and  AIN  Gunn  diodes  in  harmonic 
and  biharmonic  modes  using  some  mathematical  simula¬ 
tion  methods. 

2.  Basic  Part 

The  temperature  simulation  wurtzite  InN,  AIN,  and 
GaN  Gunn  diode  [3]. is  being  used. 

The  frequency  limitation  in  ideal  accumulation  transit 
mode  of  InN,  AIN,  and  GaN  diodes  is  very  high  (Fig.  1). 
This  is  because  of  the  small  periods  of  electrons  relaxa¬ 
tion,  compared  with  common  semiconductors  A3B5 
(GaAs,  InP);  including  the  intervals  of  the  transitions  of 
electrons  from  the  G-valley  to  the  side-valleys  and 
backwards.  Allowing  for  the  2nd  harmonic  does  not  in¬ 
crease  essentially  the  efficiency  and  the  ultimate  fre¬ 
quency  of  generation,  by  contrast  to  GaAs.  It  is  worth 
mentioning  that  the  above  evaluation  is  made  regardless 
of  the  special  heterogeneities,  which  are  the  main  cause 
limiting  the  LSA  mode  in  frequency.  It  is  known  that 
because  of  the  special  inertia  effects,  the  LSA  mode  is 
not  the  one  of  the  highest  frequency  in  TED’s  The  high¬ 


est  frequencies  of  generation  in  TED’s  based  on  GaAs 
and  InP  are  achieved  for  the  resonance-transit  mode. 

Therefore  the  2nd  stage  of  investigation  dealt  with 
the  modeling  of  devices  with  special  heterogeneities. 
In  InN,  GaN  and  AIN  TED’s  there  are  the  same  modes 
as  in  similar-type  devices  based  on  the  other  semicon¬ 
ductors  A3B5,  namely:  the  domain  mode,  the  mode 
with  the  enriched  layers  drift  and  the  mode  with  the 
increasing  waves  of  volume  charge. 

The  main  feature  of  those  TEDs’  working  is  a  high 
value  of  the  threshold  electric  field  En,  esp.  in  AIN. 
This  leads  to  great  difficulties  in  the  electron  gas  heat¬ 
ing  near  cathode,  its  thermal  insulation  in  contact  with 
anode  and  in  decreasing  the  temperature  of  a  crystal 
lattice  as  well. 


Fig.  1.  Efficiency  of  ideal  accumulation  transit 
mode  of  TED’s  for  fundamental  harmonic 
(solid  line)  and  biharmonic  (first  and 
second  harmonics)  mode  (dotted  line): 
1  -  InN;  2  -  GaN;  3  -  AIN. 
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In  order  to  heat  up  the  electric  gas  in  n+-n~-n-n+  de¬ 
vices,  the  region  of  a  lower  concentration  of  donators 
n  near  cathode  has  to  have  a  greater  length  and  the 
gradient  of  ionized  admixtures  concentration,  compared 
with  devices  based  on  other  semiconductors  A3B5.  Be¬ 
sides,  when  the  oscillations  of  current  are  generated  in 
AIN  and  GaN  TED’s,  the  maximal  strength  of  electric 
field  in  the  n-n  anode  contact  reaches  103  kVcm'1.  The 
electron  gas  in  the  anode  contact  remains  heated.  The 
charge  fluctuations  are  carried  off  into  anode,  and  the 
transit  region’s  length  thus  increases.  For  this  reason, 
the  optimal  frequency  of  generation  /0  is  lowered  in  all 
devices  concerning  the  minimal  velocity  of  electrons 
on  the  dependence  V(E). 

In  the  semiconductor  nitrides,  the  optimal  value  of 
such  a  basic  parameter  of  TED’s  as  the  Crammer  crite¬ 
rion  nl  several  times  exceeds  that  in  GaAs.  It  is  so  espe¬ 
cially  in  AIN.  For  example,  the  electric  domains  do  not 
appear  in  n+-ri-n-n+\ AIN  TED’s  at  nl  <  6-1012  cm"2  at  all. 

In  n+-n-n-n+:lnN  TED’s,  the  depth  of  the  domains 
penetration  into  the  active  region  is  a  function  of  the 
applied  voltage  [4].  Because  of  this  effect,  the  InN 
TED’s  on  the  basic  harmonic  possess  two  times  work 
bandwidth  of  GaN  n  AIN  TED’s  (fig.  2).  E.g.,  the 


Fig.  2.  Efficiency  of  n+-n~-n-n+  InN  and  GaN 
TED’s:  1  -  fundamental  harmonic; 

2  -  biharmonic  mode. 


Fig.  3.  Efficiency  of  n  -n-n  InN  and  GaN  TED’s: 
1  -  fundamental  harmonic;  2  -  biharmonic 
mode. 


maximal  frequency  of  generation  in  -n-n-n+:lnN 
TED’s  with  4=2.5  mem  is  192  GHz,  and  the  optimal 
one  is  60  GHz. 

The  highest  ultimate  frequency  -600  GHz  is 
achieved  in  +-n-n-n+  TED’s  based  on  InN  -  that  is,  in 
the  worst  one  of  the  discussed  materials  as  regards  the 
intervalley  electron  transfer  inertia.  However,  the  ener¬ 
gy  gap  in  InN  between  the  central  T-valley  and  the 
closest  to  it  that  one  in  direction  [<1 1 1>]  is  «1,68  eV  at 
the  room  temperature,  which  is  close  enough  to  the 
forbidden  zone  width  of  ^2  eV.  Under  those  conditions 
the  probability  of  the  intervalley  electron  transfer  to  be 
overlapped  by  the  ionization  zone-zone  is  high.  The 
TED’s  based  on  GaN  are  in  an  intermediate  position  in 
efficiency  and  frequencies  of  generation  between  InN 
and  AIN.  The  maximal  generation  frequency  in  n+-n-n- 
n+:G aN  TED’s  may  be  500-600  GHz. 

The  devices  of  a  homogeneous  profile  of  doping 
(pnc.  3)  are  less  efficient  than  those  with  a  highohm- 
mic  heterogeneity  close  to  cathode.  But  they  can  work 
in  submm  band  as  well.  If  the  devices  are  placed  in  a 
double-contour  (biharmonic  mode),  their  efficiency 
and  ultimate  frequencies  increase  (Fig.  2,  3). 

4.  Conclusion 

Thus,  semiconductors  nitride  GaN,  InN  and  AIN  are 
promising  for  sub-millimeter  wave  Gunn  diodes  in 
both  fundamental  and  biharmonic  modes  because  of 
the  high  velocity  and  small  relaxation  periods  of  elec¬ 
trons.  However,  in  such  devises  there  are  certain  prob¬ 
lems  of  electrons  heating  near  cathode,  of  electrons 
thermalization  near  anode,  of  the  active  region  cool¬ 
ing.  There  is  a  good  reason  to  believe  that  the  ap¬ 
proach  presented  is  preferable  enough  to  the  well- 
known  common  methods. 
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Abstract 

Results  of  modeling  and  optimization  of  electrical  characteristics  of  an  ultra  wide¬ 
band  modified  log-periodic  feed  for  axially  symmetrical  reflector  antennas  operating 
over  frequency  range  1  -20  GHz  are  presented. 

Keywords:  Planar  log-periodic  antenna,  log-periodic  feed,  ultrawideband  axially 
symmetrical  reflector  antenna. 


1.  Introduction 

There  are  a  lot  of  articles  and  publications  that  deal 
with  research  and  development  of  log-periodic  anten¬ 
nas  (LPA).  In  [1,  2,  3]  influence  of  design  parameters 
on  the  matching  and  radiation  characteristics  of  LPA 
is  analyzed  in  detail.  But  there  are  no  words  about  the 
electrical  characteristics  of  LPA  with  design  parame¬ 
ters,  such  as  width  of  the  planar  feedline  and  width  of 
the  flat  dipoles,  that  change  in  non-log-periodic  law. 

For  the  optimal  illumination  of  an  axial- symmetric 
reflector  antenna  it  is  necessary  to  have  a  feed’s  axial- 
symmetric  radiation  pattern.  To  obtain  such  axial 
symmetry  log-periodic  antenna  shoulders  need  to  be 
moved  apart  through  \j/-angle  [4].  It  is  quite  easy  to 
design  a  log-periodic  feed  for  operating  frequency 
range  10:1.  In  this  case  a  LPA  feeding  is  performed 
by  a  coaxial  line,  outer  conductor  of  which  runs 
through  the  center  line  of  the  one  of  log-periodic  ele¬ 
ments  and  center  conductor  is  attached  to  the  another 
element  [3].  There  are  huge  amount  of  such  log- 
periodic  feeds  due  to  the  construction  simplicity.  But 
it  is  impossible  with  such  method  of  feeding  to  obtain 
log-periodic  feeds  for  operating  in  C-  and  K-bands 
with  coverage  20:1.  In  [5]  this  problem  is  solved  with 
the  help  of  tapered  line  balun,  which  consists  of  a 
coaxial  line  with  the  outer  conductor  gradually  open¬ 
ing  up  and  finally  tapered  to  form  a  balanced  trans¬ 
mission  line.  This  feeding  system  is  too  bulky  and 
complicated  for  the  geometry  calculation  and  manu¬ 
facturing.  In  [6]  analysis  of  different  log-periodic  an¬ 
tenna  arrays  is  performed.  The  author  has  shown,  that 
in  the  case  of  the  parallel  feeding  of  the  pair  of  ele¬ 
ments  in  multielement  arrays,  increasing  of  the  ele¬ 
ments  number  decreases  antenna  impedance.  Thus,  a 
50-Ohm  feeding  coax  can  be  utilized. 

The  aim  of  this  research  is  mathematical  modeling 
and  optimization  of  characteristics  of  ultra  wideband 


reflector  antenna  feed,  based  on  array  in  H-plane  of 
two  log-periodic  antennas,  that  provides  in  the  fre¬ 
quency  range  1-20  GHz  next  parameters:  VSWR  < 
2.5  with  coaxial  feeder  of  50  Ohm  impedance;  practi¬ 
cally  axial-symmetric  radiation  pattern  and  required 
frequency- independent  -10dB  beamwidth. 

2.  Optimization  Results 

The  required  feed  -10dB  beamwidth  for  given  value 
of  the  ratio  F/D  =  0,5  can  be  defined  in  such  a  way 

[5]: 

27q  =  4  •  arctg(( 4  ■  T)"1)  =  102.5°. 

To  provide  102,5°  -10dB  beamwidth  in  E-plane 
values  of  log-periodic  antenna  parameters  with  the 
help  of  the  tables  [7]  are  defined  as  follows:  r  =  0,904, 
a  =  0, 09 .  It  is  well-known,  that  log-periodic  antenna 
radiation  pattern  in  H-plane  is  much  more  wider  than 
in  E-plane.  That  is  why  to  obtain  axial-symmetric 
radiation  pattern  the  feed  based  on  array  in  H-plane  of 
two  log-periodic  antennas  is  used. 

Calculations  of  the  matching  and  radiation  charac¬ 
teristics  and  also  comparison  analysis  of  four  different 
planar  log-periodic  antennas  (PLPA)  are  performed. 
These  four  PLPA  are:  a  traditional  PLPA;  a  PLPA 
with  modified  feedline;  a  PLPA  with  modified  dipoles 
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Fig.  6.  Frequency  dependence  of  SLL. 


and  a  PLPA  with  both  modified  feedline  and  dipoles. 
The  calculations  show  to  what  extent  the  main  PLPA 
parameters  should  change  in  log-periodic  manner.  In  a 
traditional  PLPA  (Fig.l),  all  parameters,  namely,  flat 
dipole  length,  flat  dipoles  width  and  planar  feedline 
width  change  in  log-periodic  law.  In  all  other  PLPA  the 
modified  parameter  means  that  this  parameter  changes 
by  non-log-periodic  law.  For  all  models  initial  feedline 
and  flat  dipole  width  equals  1  mm  and  0,5  mm  respec¬ 
tively.  In  models  with  modified  feedline  the  end  feed- 
line  width  equals  20  mm  and  in  models  with  modified 
dipoles  the  end  dipole  width  equals  8  mm. 

Array  consists  of  two  log-periodic  antennas  in  H- 
plane,  fed  by  coaxial  feeder  of  50  Ohm  impedance. 
Hence,  the  input  impedance  of  the  separate  antenna  due 
to  the  parallel  connection  is  approximately  100  Ohm. 


Fig.  3.  Typical  radiation  pattern  in  E-  and  H-plane  of 
four  different  PLPA. 


The  log-periodic  feed  construction  modeling  is  per¬ 
formed  using  CST  Microwave  Studio  software,  based 
on  FDTD  method. 

Curves  of  VSWR  frequency  dependences  of  the 
PLPA  are  shown  in  Fig.  2.  It  can  be  seen  that  matching 
characteristics  of  PLPA  with  both  modified  parameters 
is  very  similar  to  those  of  PLPA  with  modified  feed- 
line.  But  in  comparison  with  traditional  PLPA  these 
structures  have  somewhat  better  values  of  VSWR. 

Typical  radiation  patterns  in  E-  and  H-plane  of  the 
four  different  PLPA  are  shown  in  Fig.  3.  Analyzing 
this  curves  one  can  state  that  changes  of  flat  dipoles 
and  feedline  in  non-log-periodic  manner  practically 
don’t  distort  essentially  radiation  patterns. 

Taking  into  account  these  results  a  PLPA  with  both 
modified  parameters  was  chosen  as  the  element  for 
the  array  to  be  developed.  To  improve  matching  cha¬ 
racteristics  of  this  PLPA  it  was  decided  to  move  apart 
PLPA  shoulders  through  some  elevation  angle  in  such 
a  way  that  distance  between  elements  gradually  in¬ 
creases  from  about  1  mm  near  the  apex  to  approx¬ 
imately  20  mm  at  the  end  of  the  structure.  Frequency 
dependence  of  VSWR  for  PLPA  with  (dashed  line) 
and  without  (solid  line)  shoulders  moved  apart  is 
shown  in  Fig.  4.  One  can  observed  this  approach  has 
improved  matching,  especially  in  the  frequency 
ranges  1-6  GHz  and  17-20  GHz,  but  from  6  to  6,8 
GHz  VSWR  values  has  become  worse. 

Analysis  of  the  influence  on  VSWR  and  radiation 
pattern  of  the  angle  between  two  log-periodic  anten¬ 
nas  was  carried  out.  Three  values  of  this  angle  were 
chosen:  15°,  25°  and  35°.  Analyzing  VSWR  curves  we 
have  found,  that  angle  increasing  makes  matching 
characteristics  worse.  It  is  obvious  that  angle  increas¬ 
ing  causes  transverse  dimensions  increasing.  Thus,  the 
15°  angle  is  optimal  in  terms  of  VSWR  and  transverse 
dimensions.  Analysis  of  radiation  patterns  for  differ¬ 
ent  angles  shows,  that  for  1 5°  angle  the  radiation  pat¬ 
tern  is  asymmetric  in  the  frequency  range  1-8  GHz 
(difference  between  E-  and  H-plane  -10dB  beam- 
width  is  greater  than  20°)  and  for  the  35°  angle  the 
radiation  pattern  is  asymmetric  for  10-18  GHz  (dif¬ 
ference  between  E-  and  H-plane  -10dB  beamwidth  is 
greater  than  18°).  In  contrary,  for  the  25°  angle  for  all 


Fig.  4.  Frequency  dependence  of  VSWR  for  PLPA 
with  and  without  moved  apart  elements. 
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Fig.  5.  Frequency  dependence  of  directivity  and  side 
lobe  level. 

frequencies  in  the  entire  operating  band  the  average 
difference  between  E-  and  H-plane  -10dB  beamwidth 
doesn’t  exceed  10  degrees.  Thus,  the  25°  angle  is  op¬ 
timal  in  terms  of  obtaining  axial-symmetric  radiation 
pattern.  As  for  the  25°  angle  the  matching  characteris¬ 
tic  is  acceptable  and  radiation  pattern  is  practically 
axial-symmetric,  so  this  angle  is  chosen  for  the  de¬ 
signing  of  the  optimal  log-periodic  feed.  We  have 
found,  that  for  this  25°  angle  the  distance  between 
center  axis  of  log-periodic  antennas  is  approximately 
A/2.  That  is  why  to  obtain  practically  axial- symmetric 
radiation  pattern  one  must  provide  such  angle  between 
array  elements  to  form  approximately  A/2  distance 
between  these  elements. 

Analysis  of  the  main  characteristics  of  the  optimal 
log-periodic  feed,  which  consists  of  two  PLPA  with 
both  modified  parameters  with  the  A/2  distance  be¬ 
tween  center  axes,  was  performed. 

In  general  case  due  to  the  frequency  changes  the 
feed  phase  center  moves  against  to  the  feeding  point. 
But  the  log-periodic  feed  can  be  placed  in  such  a  way 
that  reflector  focus  is  located  in  the  feed  high-frequency 
part.  Then  distance  from  phase  center  to  the  focus  in 
the  entire  frequency  range  will  not  exceed  2/3,  which  is 
acceptable  for  a  number  of  applications  [8]. 

Directivity  of  the  feed  versus  frequency  is  shown  in 
Fig.  5.  It  can  be  seen  that  average  feed  directivity  is 
about  1 1  dB,  except  frequency  band  from  1  to  2  GHz, 
where  this  parameter  falls  drastically  from  10,6  to  5,8 
GHz.  Frequency  dependence  of  feed’s  side  lobe  level 
(SLL)  is  also  presented  in  Fig.  5.  In  average  theoreti¬ 
cal  maximum  side  lobe  level  is  less  than  -14  dB,  and 
only  for  the  frequency  band  of  12-18  GHz  this  para¬ 


meter  is  higher  than  -12  dB.  Front-to-back  ratio  is 
less  than  -16  dB  in  the  whole  operating  frequency 
range  1-20  GHz. 

Comparison  of  theoretical  and  experimental  results 
of  VSWR  was  carried  out.  Curves  of  frequency  de¬ 
pendence  of  theoretical  (solid  line)  and  experimental 
(dashed  line)  VSWR  are  presented  in  Fig.  6.  Theoreti¬ 
cal  VSWR  maximum  values  are  less  than  2,5  in  entire 
frequency  range  1-20  GHz,  except  for  values  f  =  6,36 
GHz  (VSWR  =  2,78)  and  f  =  7,38  GHz  (VSWR  = 
2,55).  As  for  experimental  results,  they  are  much 
more  better.  Practical  VSWR  maximum  values  not 
exceed  2,3  in  all  operating  frequency  range. 

5.  Conclusions 

Ultrawideband  log-periodic  feed,  based  on  array  in  H- 
plane  of  two  log-periodic  antennas,  for  the  reflector 
antenna  with  F/D  =  0.5  is  designed.  In  the  frequency 
range  1-20  GHz  developed  feed  provides  VSWR  < 
2.5  with  coaxial  feeder  of  50  Ohm  impedance;  practi¬ 
cally  axial-symmetric  radiation  pattern  with  90°-100° 
-10dB  beamwidth  on  the  main  polarization;  approx¬ 
imately  11  dB  directivity;  acceptable  phase  center 
deviation;  16  dB  noise  immunity.  This  antenna  may 
be  recommended  for  usage  in  radiomonitoring  sys¬ 
tems  with  ultrawideband  reflector  antennas  and  ultra- 
wideband  systems  of  different  purposes. 
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Abstract 

Results  of  research  of  internal  and  external  characteristics  of  the  plasma  aerials 
mounted  on  fragments  of  mobile  objects  are  adduced.  A  number  of  features  and  ad¬ 
vantages  of  such  antennas  is  noted. 

Keywords:  Internal  and  external  characteristics  of  the  plasma  aerial,  mobile  objects, 
features  and  advantages  of  the  plasma  antenna,  conductivity,  dielectric 
permeability,  VSWR,  the  directional  diagram,  efficiency  of  the  antenna. 


1.  Introduction 

There  are  several  studies  on  the  interaction  of  micro- 
waves  with  a  cold  plasma  and  the  development  of 
plasma  antenna  (PA)  [1-5].  Published  parameters  of 
the  simplest  PA  [5,  6].  However,  the  relevant  question 
is  to  assess  the  radio  and  the  electrodynamic  parame¬ 
ters  of  the  PA  (input  impedance,  standing  wave  ratio, 
radiation  pattern,  efficiency,  etc.),  installed  on  more 
complex  moving  objects,  such  as  airplanes,  satellites 
and  other  bodies  which  affect  in  some  way  to  these 
parameters  to  the  PA.  Especially  significant  is  this 
influence,  if  the  geometric  parameters  of  a  mobile 
object  comparable  or  close  to  the  operating  wave¬ 
length  of  the  PA.  This  paper  presents  the  results  of 
computer  simulation  of  the  above  parameters  of  the 
loop  plasma  antennas  (LPA),  established  on  frag¬ 
ments  of  modern  aircraft. 

2.  Reference  Data  for  Research 

The  possibilities  of  modern  computers  and  software 
environments  do  not  allow  you  to  quickly  assess  the 
electromagnetic  characteristics  of  antennas  are  in¬ 
stalled  on  the  geometrically  complex  moving  objects, 
such  as  airplanes,  satellites,  etc.  Therefore,  to  speed 
up  the  computational  results,  resorted  to  the  most  cha¬ 
racteristic  simplified  fragments  of  these  objects. 

2. 1 .  Fragments  Mobile  Objects  [7] 

One  of  the  fragments  (A)  plane  is  a  cylinder  with  two 
wings,  and  mounted  with  a  loop  PA  1  (Fig.  1). 

The  second  fragment  (B)  the  aircraft  is  part  of  a 
cone  with  apex  angle.  At  the  top  of  the  cone  along  its 
axis  set  loop  of  PA  (Fig.  2). 


Fig.  1.  A  simplified  fragment  «A»  of  aircraft:  a  is 
angle  of  inclination  of  the  plane  of  the  LPA 
1  to  the  surface  of  the  cylinder  of  cylindrical 
part  of  the  aircraft. 


Fig.  2.  A  simplified  fragment  "B"  of  aircraft  with  a 
loop  plasma  antenna  1. 

2.2.  Radiophysics  Characteristics 
of  Cold  Plasma 

The  conductivity  a  and  relative  permittivity  e  of  a 
cold  plasma,  of  which  the  PA  consists,  have  a  fre¬ 
quency  dispersion  and  determined  by  known  formulas 
[1].  These  parameters  were  determined  for  the  tem¬ 
perature  of  electronic  components  of  the  plasma 
T  =  104  °K  and  the  density  of  free  charges  in  the 

plasma  equal  to  Ne  =  1013  sm“3.  For  this  case  cr 
ranged  from  approximately  10  to  200  mhos  /  m  and 
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relative  dielectric  constant  £  ranging  from  —  3  •  105  to 
— 4  •  103 .  Calculations  of  microwave  characteristics  of 
the  PA,  the  configuration  of  which  is  given  in  [2,  3, 
6],  installed  on  the  fragments  of  the  plane  "AM  and 
"B"  have  been  implemented  in  a  software  environ¬ 
ment  FEKO. 

3.  Results  of  Calculations  VSWR, 
Radiation  Pattern  and  Efficiency 

The  calculated  frequency  characteristics  of  VSWR  for 
the  fragment  "A"  (Fig.  1)  are  shown  in  Fig.  3.  Here  d 
is  height  of  LPA,  D  is  diameter  of  the  cylinder,  L  is 

length  of  the  cylindrical  part;  L  is  wingspan;  L  is 
width  of  the  wing. 

As  can  be  seen  from  the  graphs,  LPA,  installed  on 
the  fragment  "A”  provides  approximately  2-3  times 
more  bandwidth  than  a  similar  configuration  on  the 
metal  antenna,  for  example,  of  aluminum.  The  smaller 
the  angle  of  LPA  over  the  surface  of  the  cylinder,  the 
higher  become  the  values  of  VSWR  and  deteriorating 
form  of  a  VSWR  frequency  characteristic. 

The  calculated  frequency  characteristics  of  VSWR 
for  the  fragment  B  (Fig.  2)  are  shown  in  Fig.  4.  Here 

L  =  2.5A0 . 

As  can  be  seen  from  the  graphs  of  Fig.  4,  LPA  in¬ 
stalled  at  the  top  of  the  cone  segment  "B"  providing  as 
in  the  previous  case,  approximately  2-3  times  more 
bandwidth  than  a  similar  configuration  of  the  antenna 
of  aluminum.  However,  compared  with  the  previous 
application,  rum  basic  advanced  schedule  VSWR  re¬ 
sonance  is  shifted  to  the  right  toward  higher  frequen¬ 
cies  d  /  A  =  0.35  —  0.45  .  At  the  same  time,  for  the 
values  which  equals  0.13-0.15  found  a  new  resonance 
VSWR.  Thus  the  LPA  on  a  fragment  of  "B"  is  able  to 
operate  in  two  frequency  bands  with  a  relatively  small 
electrical  length  d/A  =  0.13  —  0.15  and 


Fig.  3.  The  VSWR  graphics  in  a  frequency  band  of 
the  loop  plasma  antenna  (Fragment  "A”), 

D  /  \  =2.9,  4/  A0=9.8,  4/  A0=1.7: 

1  -  LPA,  a  =  6 0° ;  2  -  LPA,  a  =  90° ; 
3  -  antenna  aluminum,  a  =  60° . 


Fig.  4.  The  VSWR  graphics  in  a  frequency  band, 
Fragment  "B":  1  -  (3  =  0° ;  2  -  /3  =  20° ; 

3  -  (3  =  40° ;  4  -  =  60° ;  5  -  (3  =  20° . 

The  antenna  is  executed  from  an  aluminum 
tube  with  a  configuration  similar  LPA. 


0°  0dB=5.5dBi 


Fig.  5.  The  radiating  pattern  of  the  antenna  system 

d  /  A  =  0,20  (Fragment  "A"): 

1  -  a  =  90°  (without  wings  ); 

2  -  a  =  60°  (without  wings  ); 

3  -  a  =  90°  (with  wings). 

d  /  A  =  0.35  —  0.45  .  With  respect  to  the  angle  at  the 
vertex  of  the  cone,  then  it  changes  from  0  to  60  deg. 
little  effect  on  the  frequency  dependence  of  VSWR 
LPA. 

The  calculated  directivity  patterns  (in  power)  an¬ 
tenna  system  (fragment  "A”)  (Fig.  1)  at  a  constant 
length  of  the  working  wave  AQ  shown  in  Fig.  5. 

As  follows  from  graphs  Fig.  5  at  placing  LPA  as  is 
shown  in  Fig.  1  plane  wings,  make  considerable  im¬ 
pact  on  formation  of  the  radiation  pattern  (RP)  round 
the  case  of  the  given  fragment,  that  undoubtedly  takes 
place  by  real  planes  with  the  similar  electric  sizes. 

As  follows  from  graphs  Fig.  5  (graph  3)  presence 
of  wings  of  the  plane  leads  to  occurrence  irregularity 
of  RP  in  a  direction  opposite  to  a  direction  to  the 
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Earth  (deep  failures  of  radiated  or  received  power  to 
-  30  ...  -  40  dB),  and  also  to  occurrence  of  some  irre¬ 
gularity  and  in  a  direction  to  the  Earth  -  10  ...  -  20  dB 
in  separate  directions.  As  a  whole  it  is  possible  to  ascer¬ 
tain,  that  the  power  most  part  is  thus  radiated  towards 
the  Earth.  The  similar  phenomenon  takes  place  and  for 
metal  antennas.  To  reduce  irregularity  of  RP  it  is  neces¬ 
sary  to  choose  optimum  installation  site  of  LPA,  dis¬ 
placing  it  along  a  cylinder  axis.  Some  asymmetry  of  the 
most  loop  antennas  and  its  device  of  excitation  explains 
asymmetry  of  RP  concerning  a  vertical  axis  0-180°. 

The  calculated  directivity  patterns  (in  power)  an¬ 
tenna  system  (Fragment  MB")  (Fig.  2)  at  a  constant 

length  of  the  working  wave  AQ  shown  in  Fig.  6. 

As  follows  from  comparing  the  graphs  Fig.  6,  with 
decreasing  the  angle  increases  the  irregularity  of  RP. 
The  most  profound  failures  of  power  take  place  along 
the  axis  of  the  cone. 

The  calculated  efficiency  of  antenna  systems  for 
fragments  of  the  "A"  and  "B")  (Fig.  1,  Fig.  2)  are 
shown  in  Fig.  7:  curve  1  -  cylinder  (without  wings), 
d  /  A0  =  0,20,  a  =  60° ;  2  -  cone  top,  d  /  \  =  0,35, 

(5  =  20° . 

3.  Conclusion 

It  was  found  that  LPA  in  both  fragments  A  and  B 
planes  in  terms  of  VSWR  <  2  have  twice  -  three  times 
wider  frequency  range  than  the  usual  loop,  metal 
(aluminum)  antenna,  the  additional  resonance  for  a 
conical  fragment  "B"  is  thus  found  out.  Obtain  con¬ 
crete  numerical  results  for  RP  and  effectiveness  of  the 
LPA,  which  are  installed  on  the  characteristic  frag¬ 
ments  of  the  plane. 

Acknowledgments 

The  authors  thank  the  company  EMSS  and  FEKO 
technical  support  team  for  granted  by  the  opportunity 
to  study  and  uses  of  the  software  FEKO. 

References 

1.  V.L.  Ginzburg,  Propagation  of  Electromagnetic 
Waves  on  Plasma ,  1960,  Moscow:  GIPHML, 
p.  552.  (in  Russian). 

2.  Ovsyanikov  V.V.,  Litvinov  A.G.,  Malanchuk 
A.M.  Antenna  made  of  Plasma,  The  request  it  is 
offered  on  delivery  of  copyright  certificate  N 
3566850  /  09  (044520),  USSR,  H01Q  1/00,  24.03. 
1983. 

3.  V.V.  Ovsyanikov.  “Broadband  Microwave  Emitter 
on  a  Basis  of  Gas  Discharge  Plasma”,  Mag.  Radi¬ 
ophysics  and  Radio  astronomy ,  Kharkiv.  Vol.  6, 
No.  3,  pp.  261-267,  2001.  (in  Russian). 

4.  Anderson  T.R.  2002,  ‘Electromagnetic  Radiation 
from  Frequency  Driven  and  Transient  Plasmas’, 
IEEE  International  Symposium  on  EMS ,  19-23 
August,  Vol.  1,498-501. 


2  0°  0dB=5.5dBi 


Fig.  6.  The  radiating  pattern  of  the  LPA  placed  in 
cone  top,  d  /  A  =  0,  35  (Fragment  MBM): 

1  -  p  =  0° ;  2  -  [3  =  20° ;  3 -(5  =  60° . 


5.  Jenn  D.C.  2003,  Naval  Postgraduate  School, 
‘Plasma  antennas:  Survey  of  Techniques  and  the 
Current  State  of  the  Art’,  Prepared  for:  SPAWAR 
PMW189  San  Diego,  CA. 

6.  Bezpalov  A.Y.,  Gnatushenko  V.V.,  Ovsyanikov 
V.V.,  and  all.  "Research  Antenna  Made  of  Gas 
Plasma  on  Microwave  Band",  EuCAP'2010:  The 
4th  Europ.  Conf.  on  Antennas  and  Prop.  12-16 
April  2010,  in  Barcelona,  Spain. 

7.  http://www.lockheedmartin.com. 


Ultrawideband  and  Ultrashort  Impulse  Signals,  6-10  September,  2010,  Sevastopol,  Ukraine 


235 


Ultrawideband  and  Ultrashort  Impulse  Signals,  6-10  September,  2010,  Sevastopol,  Ukraine 


pp.  236-239 


COMPLEX  PULSE  RADIATION  OF  CIRCULAR  TSA 
ARRAY  WITH  STEERING  POLARITIES 
OF  ELEMENT  EXCITATION 

1  Kolchigin  N.  N.,  Kazansky  O.  V.,  Ivanchenko  D.  D., 

2  Liang  Jing  Feng,  He  Shi,  Zheng  Yu 

V.N.  Karazin  Kharkov  National  University,  Kharkov,  Ukraine 
E-mail:  1  kolchigin@univer.kharkov.ua;  2  lyl212003@yahoo.com.cn 


Abstract 

A  time-domain  characteristic  of  the  field  radiated  by  a  circular  TSA  array  has 
been  investigated  in  paper.  The  possibility  of  patterns  synthesis  by  excitation 
polarities  of  circular  array  element  has  been  showed.  The  results  of  experimental 
measurements  have  coincided  with  the  simulation  results. 

Keywords:  Circular  antenna,  plane  antenna  array,  TSA  pulse  radiation,  excitation 
polarities  of  circular  array. 


1.  Introduction 

A  circular  array  is  extended  due  to  its  omnipattem.  Such 
antenna  constructions  are  well  known  in  literature  for  all 
direction  excitation/receipt  of  monochromatic  and  poly¬ 
frequencies  signals  and  this  applies  to  radiolocation, 
geological  detection  and  telecommunication.  This  antenna 
is  distinguished  by  structural  simplicity,  easy  fabrication 
and  low  material  consumption.  The  application  of  these 
arrays  in  pulse  regime  provides  high  resolving  ability  due 
to  short  spatial  pulse  duration,  and  also  represents 
possibilities  of  high  penetration  in  different  mediums.  In 
addition,  it  needs  high  amount  of  information  in  radio 
communication,  and  then  impulse  with  a  short  time 
interval  can  provide  a  higher  sending/receiving  quality 
then  monochromatic  signal  [1,2].  Therefore,  presented 
antennal  system  with  circular  impulse  excitation  can  be 
applied  to  situations  mentioned  above. 

2.  Problem  Definition 

2. 1 .  Array  Construction 

Described  array  is  a  set  of  tapered  slot  antenna  (TSA)  on 
the  general  dielectric  substrate  and  with  independent 
excitations  of  antenna  elements  which  are  able  to  steer 
polarities  pulse  excitation.  Each  element  is  made  of  thin 
metal  layer  on  dielectric  substrate  with  slot  tapered  from 
the  feeding  to  the  edge  of  radiation.  The  slot  width  is  taken 
by  this  way,  in  order  to  satisfy  the  condition  of  matching 
between  the  excited  point  and  the  feeder  line  (wave 
impedance  of  slot  is  set  50  Ohm  at  frequency  of  3  GHz 
and  the  slot  width  should  be  0.1  mm),  and  the  width  of 
radiation  edge  should  satisfy  the  condition  of  matching 
between  antenna  slot  and  space  medium  (wave  impedance 
377  Ohm  and  the  slot  width  should  be  26  cm).  Generally, 


this  antenna  is  a  disk  with  a  series  of  radial  slots  and  the 
feeding  points  in  the  centre  of  disk  (Fig.  1). 

Experimental  operative  embodiment  had  such 
parameters:  thickness  of  copper  layer  0.1  mm,  the 
substrate  was  made  of  grass  with  thickness  1  mm  and 
dielectric  permittivity  8  =  4.25.  Elements  are  excited 
with  gaussian  pulse  with  duration  of  T  =  1  ns  and  peak 
amplitude  25V . 

2.2.  Calculation  and  Experimental 
Methodology 

Each  frequency  in  the  spectrum  of  pulse  was  considered 
as  relative  monochromatic  signal  which  excited  from  all 
TSA  circular  arrays.  Each  array  element  is  represented  as 
a  series  of  inhomogeneous  radiating  rectangular 
apertures.  But  current  distributing  on  each  aperture  is 
considered  to  be  homogeneous.  And  then,  radiated  fields 
of  each  rectangular  aperture  are  solved  by  the  method 
(system  of  linear  algebraic  equation).  The  radiated  field 
of  the  circular  array  is  calculated  as  a  sum  of  all  the 
fields  from  each  aperture. 

Experimental  measurement  was  carried  out  by  using 
the  described  setup  and  a  block  diagram  is  presented  on 
Fig.  1.  Signals  are  excited  from  the  pulse  generator,  the 
elements  of  the  array  are  fed  by  the  coaxial  cable  with 
wave  impedance  50  Ohm.  The  basis  of  the  generator 
with  steerable  signal  polarities  at  antenna  elements  uses 
special  steerable  blocks  (ST).  Pulse  signal  is  radiated 
from  circular  antenna  array  (Al)  and  receipted  by 
tapered  slot  antenna  A2,  which  can  effectively  receive  a 
frequency  band  from  0.5  GHz  to  5  GHz  just  as  the 
spectrum  of  radiated  impulse  signal.  And  then  a  signal 
was  transmitted  to  a  stroboscopic  oscillograph  (SO)  with 
a  frequency  band  from  0  to  10  GHz  by  coaxial  cable,  and 
can  detect  signals  with  durations  not  less  than  0. 1  ns,  the 
signal  from  oscillograph  was  digitized  through  Analog- 
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Fig.  1.  Scheme  of  Experimental  measurement,  time-space  characteristics  of  circular  TSA  array. 


to-Digital  Converter  (ADC)  with  such  parameters: 
number  of  digits- 10  (1024  points),  number  of  channels- 
16,  input  signal-  unipolar  0..10  V  or  bipolar  +/-10  V, 
maximal  frequency  transformation  -  285  KHz,  boot- 
manual  or  programmable.  ADC  was  controlled  by 
special  developed  program,  which  can  make 
simultaneous  observation  and  records  specified  quantity 
of  points  (up  to  32000)  through  specified  quantity  of 
channels  (up  to  16)  with  specified  frequency 
transformation.  Numerical  processing  signal,  input  to 
personal  computer  (PC),  is  completed  by  2  steps: 
average  of  10  adjacent  points,  remove  thermal  noise  and 
smooth  form  of  the  received  signal,  and  another  step  is  to 
adopt  an  average  of  10  times  to  realize  complete 
elimination  of  non- stationary  noise.  The  antenna  was 
placed  above  the  ground  at  a  height  of  lm  by 
measurement,  and  utilized  “time  window”  to  eliminate 
the  influence  of  radiated  field,  the  distance  between  the 
receiving  and  transmitting  antennas  is  3  meters. 

The  errors  of  the  signal  amplitude  with  these  setups 
are:  intrinsic  noise  of  installation  (~  10  mV)  and  error  of 
ADC  (~  4.88  mV).  After  applying  the  above  algorithms 
of  numerical  processing,  the  influence  of  random 
fluctuation  of  the  signal  which  exists  in  inherence  of  SO 
has  lowered,  and  the  noise  has  reduced  by  3.16  times. 
Thus,  the  total  error  in  amplitude  is  3  mV. 

3.  Results 

The  results  of  numerical  simulation  radiation  of  8 
elements  circular  TSA  array,  where  excited  4 
elements,  as  well  as  experimental  measurement  are 
presented  in  the  form  of  radiation  peak  power  pattern 
in  Fig.  2-  4  (E-plane),  here  we  consider  the  cases  of 
antenna  elements  excitation  with  the  following 
polarities  (indicated  polarities  are  electrodes  of  input 
signal  for  array):  Fig.  2  for  the  excitation  of  the  array 
elements  with  type  +  -  +  -  +  -  +  -  (constant  polarities): 
Fig.  3  for  excitation  of  the  array  elements  with  type 
+  __  +  +  __  +  (alternating  polarities);  Fig.  4  for 
excitation  of  the  array  elements  with  type  +  -  +  --  +  -  + 
(polarities  changed  on  the  middle  of  the  array). 


Numerical  simulation  showed  that  the  synchronous 
excitation  with  the  same  polarities  obtained  isotropic 
radiation  pattern,  in  this  case  just  considered  half  circular 
array,  the  radiation  pattern  in  the  sector  of  angles  ±  60°  is 
isotropic,  and  for  further  angles  the  magnitude  of  the 
radiated  signal  was  decreased  down  to  0.7  at  70°  . 
Experimental  measurement  of  circular  array  with 
analogical  excitation  confirms  the  change  of  the  radiation 
pattern.  Fig.  2  shows  the  radiation  pattern  of  half  array 
elements,  and  also  gives  a  visual  representation  of  the 
back  excitation  of  the  array  elements.  Hence,  the  inter- 
elemental  interaction  in  the  array  is  due  to  the  interrelation 
of  opposite  array  elements.  Note  that,  the  magnitude  of 
excited  signal  and  the  radiation  pattern  are  included  in 
amplitude  of  excited  signal,  but  in  amplitude  of  the  back 
excited  signal,  the  coefficient  of  inter-elemental 
interactions  between  opposite  elements  is  included  too. 
Then  it’s  easy  to  calculate  this  coefficient  of  interaction  by 
the  measurement,  the  design  of  array  should  take  into 
account  the  coefficient  of  interaction  between  the  opposite 
lying  elements  to  ensure  the  desired  magnitude  of  the 
radiated  signal.  And  the  interaction  between  neighboring 
elements  should  be  also  considered  [5].  In  this  case,  we 
are  interested  in  the  situation  for  omni-directional 
radiation/reception. 

In  another  case,  when  polarities  of  excited  signals  are 
alternating,  the  radiation  pattern  has  the  form  of  lobed 
structure.  The  lobes  are  corresponding  to  elements  of  the 
array.  For  the  angle  of  related  intersections  of  two  close 
elements  occurs  decreased  amplitude  of  excited  signal, 
up  to  complete  disappearance,  which  is  associated  with 
the  signals  excited  from  adjacent  elements  with  opposite 
polarities.  Here  the  angle  of  observation  is  increased  by 
10°  and  amplitude  of  signal  increases  by  0.7  times,  that 
is  due  to  compensation  of  different  degrees  of  excited 
signals  from  the  array  elements  (Fig.  3).  Experimental 
measurements  of  the  radiation  pattern  confirm  the 
simulation  results. 

In  the  third  case,  signals  of  array  elements  are  excited 
with  different  polarities  changed  on  the  middle  of  the 
array  (Fig.  4). An  identical  radiation  pattern  is  observed 
to  the  first  case,  when  the  signal  of  array  elements  were 
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b) 


Fig.  2.  Pattern  for  type  of  excitation  +  -  +  -  +  -  +  - 
case  (a,  b-  calculation,  c  -  experiment) 


b) 


200 


Fig.  3.  Pattern  for  type  of  excitation  +  --  +  +  --  + 
case  (a,  b-  calculation,  c  -  experiment). 


excited  with  the  same  polarity,  the  middle  of  the  pattern 
observed  similar  failures  as  the  previous  case,  signals  of 
different  polarities  eliminated  mutually  each  other.  The 
experiment  meets  the  calculated  values  well,  and  has  the 
same  characteristics  as  the  theorem  of  radiation  pattern. 

Thus,  the  possibility  of  changing  the  excited  polarity 
of  the  array  elements  can  synthesize  radiation  pattern, 
then  it  is  able  to  provide  the  desired  amplitude  of 
radiated  signal  to  a  given  sector  of  angles. 

Organization  of  the  antenna  system  as  multi-layered 
semi  circle  TSA  arrays  in  volume  antenna  which  would 
solve  issues  as  working  with  a  large  number  of  "goals" 
and  to  provide  more  detailed  and  quality  management 
"goal"  by  working  with  several  layers  of  the  antenna 
system  at  the  same  time. 


4.  Conclusions 

The  possibility  of  changing  the  excited  polarity  of  the 
array  elements  can  synthesize  radiation  pattern,  then  it  is 
able  to  provide  the  desired  amplitude  of  radiated  signal 
to  a  given  sector  of  angles. 
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Fig.  4.  Pattern  for  type  of  excitation  +  -  +  --  +  -  + 
case  (a,  b-  calculation,  c  -  experiment). 
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Abstract 

In  this  work,  characteristics  of  ultra-wideband  «Vivaldi»  radiators  in  single  use 
and  also  in  array  condition  was  investigated.  One  of  the  design  features  in  this  anten¬ 
na  is  the  original  arousing  detail,  eliminating  a  resonator.  There  is  a  research  about 
abilities  of  band  enhancement  using  absorber.  Significant  bandwidth  widening  to  the 
left  of  arrayed  «Vivaldi»  radiators  in  E-plane  is  demonstrated. 

Keywords:  «Vivaldi»,  antenna  array,  VSWR,  radiation  pattern. 


Employment  of  ultra-wideband  (UWB)  or  ultra-short 
pulse  signals  in  radiolocation  with  high  action  radius 
allows  to  raise  considerably  self-descriptiveness  of 
radio-systems,  improve  external  noise  immunity,  pro¬ 
vide  secrecy  and  ability  to  detect  objects  under  growth 
or  a  underlying  terrain  due  to  meaningful  portion  of 
probing  videopulse  energy  at  lower  (about  10..  100 
MHz)  frequencies.  To  realize  such  radars,  antenna  ar¬ 
ray  (AA)  with  UWB  radiators  operating  at  referred 
above  frequencies  is  necessary.  Scanning  sector  of  such 
AA  for  aerospace  location  is  to  belong  to  the  range  of 

0  =  ±(15.. .30)° ;  ip  =  ±(25. ..60)°  (1) 

over  a  bandwidth 

/  G  [0.1. ..1.5]  GHz.  (2) 

«Vivaldi»  radiators  are  sufficient  for  this  requests 
including  beam  width  [1-7]. 

The  purpose  of  this  paper  is  a  researches  about 
«Vivaldi»  radiators  in  single  use  and  also  with  video 
pulse  scanning  antenna  array  (VPSAA)  with  characte¬ 
ristics,  allowing  to  reach  compromise  between  lower 
operating  frequency,  partial  radiation  pattern  and  ne¬ 
cessity  to  minimize  radiated  pulses  duration  in  com¬ 
parison  with  arousing  ones. 

Antenna’s  sheets  and  arousing  structure’s  shape 
and  size,  such  as  also  width  of  regular  slotline  be¬ 
tween  antenna’s  main  parts  were  scaleable  definitions 
during  electrodynamics  modeling. 

Prior  approximate  calculus  with  available  methods 
[5,  6]  of  «Vivaldi»  radiators  allowed  considerably 
reduce  amount  of  variables  to  make  next  computa¬ 
tions  more  rigorous  method. 

Final  computer  simulation  was  implemented  with 
HFSS  software. 

In  this  work  the  original  feeding  system  [8]  was 
used  to  provide  «monocycle»  form  of  radiating  pulse 


and  to  minimize  signal  length.  Its  realization  was 
found  in  two  cylinders  with  common  central  axe 
moved  away  from  each  other  on  a  few  distance.  From 
one  side  there  is  an  antenna  plane  and  feeding  coaxial 
line  opposite  (Fig.  1). 

In  accordance  with  theory  of  radiating  systems  enlarg¬ 
ing  exit  aperture  size  causes  not  only  reducing  of  band¬ 
width  lower  frequency  fL  [2]  but  also  partial  radiation 

pattern  narrowing  that  defines  scanning  sector.  Last  state 
in  condition  of  fixed  aperture  size  could  be  compensated 
in  «Vivaldi»  radiator  by  shortening  its  lengthway  size 
that  in  turn  initiates  worse  matching  with  open  space  and 
finally  -  attenuates  radiation  efficiency. 

That’s  why  all  these  requirements  as  to  frequency  f  , 

beam  width  in  E-  and  H-planes  of  partial  radiation 
pattern  and  maximum  radiation  efficiency  could  be 
achieved  only  as  result  of  compromise. 

Results  of  computer  simulation  have  demonstrated 
[8]  necessity  in  «Vivaldi»  antenna  with  dimensions 

400x800  mm  to  provide  fH  about  100  MHz  with 

VSWR  <3.  However  beam  width  of  such  element  is 
very  small  and  doesn’t  allow  to  provide  scan  in  given 
angle  range  [1].  In  addition,  «Vivaldi»  radiator  is  en¬ 
tering  to  the  VPSAA  composition  of  N  elements, 
which  spacing  parameter  d  is  selecting  in  condition  of 


Fig.  1.  Feeding  system. 
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absence  grating  lobes  at  the  bandwidth  highest  fre¬ 
quency: 


d< 


N  —  1 


A 


mm 


N  l+sin0o 


(3) 


where  0Q  -  scan  angle,  counting  from  a  positive  nor¬ 
mal  of  array  plane;  A  .=  cl  f  -  minimal  wave- 

J  A  7  mm  /  ■'max 

length  of  VPSAA  (  Amin  =  20  cm)  -  is  the  minimal 

considering  wavelength  for  describing  AA.  Therefore 
d  have  not  be  greater  than  10^13  cm. 

In  connection  with  these  factors  in  the  work  there 
is  also  a  research  of  «Vivaldi»  radiator  with  dimen¬ 
sions  100x200mm  (Fig.  2). 

VSWR  frequency  dependence  of  a  single  antenna 
is  shown  on  Fig.  3  and  the  same  for  infinitely  arrayed 
in  E-plane  on  Fig.  4.  Spacing  parameter  was  given  to 
be  equal  to  the  radiators  width,  that  is  100mm. 

We  can  notice  considerable  reducing  the  bandwidth 
lower  frequency  of  the  radiator  in  AA  composition 
(see  Fig.  4).  On  a  level  with  this  improvement  there 
are  anomalous  bursts  on  the  curve.  It  may  be  caused 
by  «blinding»  effect  of  AA  [9]. 


Fig.2.  «Vivaldi»  radiator. 


Fig.  3.  VSWR  frequency  dependence  of  a  single 
«Vivaldi»  radiator. 


VSWR  bursts  results  in  reducing  of  AA  gain  on  the 
same  frequencies  [see  Fig.  5]. 

Absorber  allocated  on  outside  edges  may  produce 
significant  improvements  of  VSWR  and  bandwidth 
characteristics  [Fig.  6]. 

Computer  simulation  results  of  such  antennas  put¬ 
ted  side  by  side  in  E-plane  in  array  is  shown  on  Fig.  7 
and  Fig.  8. 

As  we  can  see  (Fig.  4,  Fig.  7)  presence  of  an  absorber 
allowed  to  eliminate  anomalous  bursts  of  VSWR 
curve.  Along  with  it  a  gain  curve  of  the  arrayed  radia¬ 
tor  with  absorber  also  became  smooth  and  kept  its 
level  the  same  during  bandwidth  (see  Fig.  5,  Fig.  8). 

A  A  (10x5  elements)  scan  mode  in  E-plane  was  in¬ 
vestigated  in  this  work.  Computation  results  have 
shown  ability  of  arrayed  «Vivaldi»  radiator  with  di¬ 
mensions  100x200mm  and  d  =  100  mm  in  E-plane 
and  200mm  in  H-plane  to  effect  scanning  in  the  sector 
of  ±30°  right  up  to  higher  frequency  of  the  band. 


Fig.  5.  Gain  frequency  dependence  of  an  arrayed 
«Vivaldi»  radiator  without  an  absorber. 


Fig.  6.  VSWR  frequency  dependence  of  «Vivaldi» 
radiator  with  an  absorber  on  outside  edges. 


Fig.  4.  VSWR  frequency  dependence  of  an  arrayed 
«Vivaldi»  radiator. 


Fig.  7.  VSWR  frequency  dependence  of  an  arrayed 
«Vivaldi»  radiator  with  absorber. 
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At  scanning  angles  out  of  this  range  there  are  huge 
side  lobes  on  radiation  pattern.  To  illustrate  it  there  is 
a  radiation  patterns  of  such  VPSAA  with  an  absorber 
at  scan  angles  of  30°  and  45°  on  Fig.  9  and  Fig.  10. 

Thus  as  a  result  of  investigations  there  was  shown 
that  joining  of  the  radiators  to  the  array  causes  reduce 
of  the  band  lower  frequency  4-5  times.  Absorber  em¬ 
ployment  on  outside  edges  of  the  radiators  eliminates 
anomalous  bursts  on  VSWR  frequency  dependence 
curves.  At  1.5  GHz  array  with  d  =  100  mm  in  E- 
plane  has  a  limitation  of  scan  angle  6  =  30°  . 
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Fig.  8.  Gain  frequency  dependence  of  an  arrayed 
«Vivaldi»  radiator  with  an  absorber. 


Fig.  9.  Radiation  pattern  of  the  arrayed  «Vivaldi» 
radiator  of  10x5  elements  with  absorber  at 
0  =  30°  . 


Fig.  10.  Radiation  pattern  of  the  arrayed  «Vivaldi» 
radiator  of  10x5  elements  with  absorber  at 
6  =  45°  . 
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Abstract 

The  constmction  of  a  broad-band  patch  antenna  is  offered.  The  rhomboid  spacing 
chart  of  these  irradiators  in  a  few-element  array  is  observed.  The  analysis  of  irradia¬ 
tion  and  input  characteristics  of  the  four-element  array  in  Ku-band  is  carried  out. 

Keywords:  Patch  antenna,  phased  antenna. 


1.  Introduction 

Intensive  development  of  satellite  telecommunication 
systems  is  coupled  to  growth  of  number  of  users  and 
improvement  of  the  subscriber's  equipment.  One  of 
aspects  of  this  problem  is  development  of  receiving 
antenna  systems.  Available  alternative  to  traditionally 
used  reflector  parabolic  antennas  are  the  phased  an¬ 
tennas  (FA).  Development  of  FA  is  an  actual  problem 
and  is  related  to  necessity  of  simplification  of  antenna 
system  construction  for  cut  down  of  its  cost  and  com¬ 
petitiveness  raise. 

In  the  paper  the  results  of  the  phased  antenna  clus¬ 
ter  development  constructed  on  the  basis  of  the  patch 
antenna  are  presented.  Possibility  of  enhancement  of 
the  irradiators  match  strip  at  the  changes  in  their  con¬ 
struction  is  shown. 


The  solution  of  this  problem  within  a  frequency  band 
(10. . .  12)  GHz  represents  a  complex  task. 

Radiation  of  the  in-phase  currents  at  the  right  and 
left  plate  faces  (see  Fig.  1)  is  possible  to  present  in  a 
form  of  the  two-element  array  radiation.  Its  radiation 
pattern  is  described  by  the  relationship  [1] 

Ex  =  Em  +  Ex,  =  F(»,v)  =  t,  M  ■  /„  M  ,(1) 

where 

. ,  (2) 


Lay  M  ^ 


_  jO.5£;a-sin(0)-sin((/>) 


-  j  O.5/;a-sin(0)-sin(0) 


+  e 

v  •  a,  .  ,v  •  a 


ea'u  •  (u  •  cos(— )  +  v  •  sin(— — ))  - 
2  2 


,v-a x  .  ,V’d x 
— u  •  cos( — — — )  +  v  •  sin(— ) 


a-u 

2 


u  +v2 


(3) 


2.  Main  Part 

Let's  observe  the  rectangular  plate  (Fig.  1),  had  over  the 
conducting  substrate.  The  feeding  point  is  on  axis  OX. 
Thus  the  right  and  left  plate  faces  participate  in  radia¬ 
tion  field  shaping.  In  the  paper  the  square  plate  is  ob¬ 
served  that  allows  at  disposing  of  the  second  feeding 
point  on  axis  OZ  to  obtain  radiation  from  top  and  bot¬ 
tom  faces  of  plate  in  order  to  obtain  radiation  at  ortho¬ 
gonal  polarization  and  at  the  given  phase  shift  to  obtain 
a  radiation  field  of  circular  polarization.  It  will  allow  to 
exercise  operation  of  radiation  field  polarization.  So  the 
important  advantage  of  the  rectangular  patch  antenna  is 
possibility  to  generate  two  linear  or  circular  polariza¬ 
tions  of  radiation  field  (right-hand  or  left  side). 

Main  shortcoming  of  the  presented  antenna  is  a  re¬ 
sonance-frequency  behavior  of  its  input  impedance. 


v  =  m  71  ,  u  =  jk-  sin(0)  •  cos(</>) . 
a 
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After  transformation  to  spherical  axes,  for  compo¬ 
nents  of  a  field  of  the  basic  polarization  it  will  take 
advantage  of  relationships 

Eg  {0,  (j)^  =  Ex  •  cos  9  •  cos  </>; 

'  E^(6,4>)  =  -Ex-smct>.  ■  (4) 

The  presented  relationships  ( 1 )— (4)  allow  to  calcu¬ 
late  a  radiation  field  of  the  square-topped  plate  on  the 
basic  polarization. 

One  of  methods  of  enhancement  of  the  irradiators 
match  strip  is  caused  by  addition  of  longitudinal  strips 
(Fig.  2,  a)  [2,3].  However  it  does  not  allow  to  ensure 
the  matching  in  the  wide  frequency  band.  The  re¬ 
searches  have  allowed  to  enhance  the  frequency  prop¬ 
erties  of  irradiator  on  Fig  2, a  at  the  expense  of  modifi¬ 
cation  of  its  construction  (see  Fig.  2,  b). 

For  irradiator  that  presented  on  Fig.  2,  b  calculations 
of  performances  of  the  radiation  field  and  an  input  im¬ 
pedance  over  the  frequency  band  (10...  12)  GHz  are 
carried  out.  All  further  calculations  were  led  with  ap¬ 
plication  of  the  moments  method.  At  the  geometrical 
parameters  chosen  as  a  result  of  calculations  following 
performances  of  patch  antenna  are  obtained. 

The  antenna  radiation  pattern  over  the  frequency 
band  changes  how  is  shown  on  Fig.  3.  Dependence  of 
the  input  impedance  of  the  antenna  on  frequency  is 
presented  on  Fig.  4.  At  antenna  feed  at  one  port  (Fig.  2 
see,)  the  radiation  field  in  all  frequency  band  has  the 
linear  polarisation.  Directivity  factor  over  the  frequency 
band  it  is  equal  4,5. .  .7  dB. 

The  developed  irradiator  over  the  frequency 
band  has  stable  directional  performances.  However, 


b) 


Fig.  2.  Models  of  irradiators  with  enhanced  match  strip. 


Fig.  3.  The  patch  antenna  radiation  patterns. 


10  10,5  11  11,5  12 

f,GHz 

Fig.  4.  The  dependence  of  the  antenna  input  imped¬ 
ance  from  frequency. 


apparently  from  Fig.  4,  the  considerable  variations  of 
the  input  impedance  of  the  antenna  on  frequency  band 
boundaries  do  not  allow  to  ensure  in  all  frequency 
band  the  matching  with  VSWR<2.  Thus  the  matching 
strip  foots  up  to  10,5. . .  1 1,8  GHz. 

The  further  analysis  will  be  spent  for  a  four- 
element  array  of  patch  irradiators.  In  the  array  irradia¬ 
tors  place  on  comers  of  a  square  rhomb.  It  has  al¬ 
lowed  to  satisfy  a  requirement  of  missing  of  diffrac¬ 
tion  lobes  in  the  array  radiation  pattern 


d< 


A 

2^1  +  sin  90 ) 


where  d  -  distance  between  irradiators,  0Q  -  a  direc¬ 
tion  of  a  maximum  of  the  radiation  pattern  concerning 
a  normal  line  to  the  array. 

For  cophased  array  d  <  1,4  sm. 

For  the  irradiators  presented  in  Fig.  2,b  two  va¬ 
riants  of  their  placing  in  the  antenna  array  have  been 
considered: 

—  without  crossing  of  external  matching  elements 
in  constmction  of  irradiators; 

—  with  crossing  of  external  matching  elements  in 
constmction  of  irradiators. 

More  stable  characteristics  in  the  frequency  band 
are  obtained  for  the  second  case. 

The  investigated  four-element  antenna  array  is  pre¬ 
sented  in  Fig.  5. 
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Fig.  5.  The  model  of  the  four-element  array  antenna. 

In  the  array  with  rhomboid  disposing  of  irradiators 
the  radiation  pattern  is  characterized  by  the  linear  po¬ 
larization,  and  also  by  the  small  dependence  of  radia¬ 
tion  pattern  main  lobe  width  and  side  lobes  level  from 
frequency  (see  Fig.  6).  The  cross-polarization  compo¬ 
nent  level  possess  the  value  no  more  -25  dB,  the  main 
lobe  width  changes  from  within  10  %  from  the  centre 

frequency  (on  which  A 0_3dB  =  35°),  the  side  lobes 


Fig.  6.  The  patch  antenna  radiation  patterns. 


Fig.  7.  The  antenna  array  input  impedance. 


level  is  not  above  -15  dB. 

The  analysis  of  the  array  input  characteristics 
(Fig.  5)  has  allowed  to  obtain  following  results.  At  the 
rhomboid  disposing  of  irradiators  in  the  array  the  in¬ 
put  characteristics  of  each  array’s  element  at  the  ex¬ 
pense  of  the  cross-effect  became  more  stable  in  all 
operating  frequency  band  (see  Fig.  7)  in  comparison 
with  the  same  performance  for  single  irradiator 
(Fig.  4).  At  feed  of  each  irradiator  by  the  feeder  with  a 
wave  resistance  80  Ohm,  the  VSWR  value  in  all  oper¬ 
ating  frequency  band  do  not  exceed  two. 

3.  Conclusion 

The  four-element  array  constructed  on  the  basis  of  the 
patch  irradiator,  had  in  rhomb  corners  is  developed 
and  theoretically  explored. 

The  array  allows  to  exercise  control  of  the  radiation 
field  polarisation  at  the  expense  of  switching  and 
phrasing  of  two  inputs  of  each  irradiator. 

Theoretical  researches  were  led  over  the  frequency 
band  (10...  12)  GHz. 

The  radiation  pattern  of  the  developed  antenna  is 
characterised  by  the  linear  polarisation,  at  the  mean  of 

the  radiation  pattern  main  lobe  width  A 0_3dB  =  35° ; 

side  lobes  level  is  not  above  -17  dB  and  cross¬ 
polarization  radiation  level  is  no  more  then  -25  dB. 

At  feed  of  each  irradiator  by  the  feeder  with  a  wave 
resistance  80  Ohm,  the  VSWR  value  do  not  exceed 
two  over  the  frequency  band  (10. . .  12)  GHz. 


The  further  stage  of  researches  is  development  of 
the  phased  antenna  constructed  on  the  basis  of  offered 
cluster. 
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Abstract 

The  log-periodical  antenna  (LPDA)  is  a  kind  of  ultraw  wide-band  antennas.  To 
achieve  the  purpose  of  miniaturization  of  the  LPDA  in  radiate  direction,  this  paper 
presents  a  novel  stmcture  log-periodically  loaded  with  symmetrical  meandering  di¬ 
poles.  The  radiate  direction  is  reduced  to  46%  of  the  conventional  LDPA.  The  return 
loss  is  less  than  -lOdB  from  200MHz  to  2GHz,  according  to  the  simulation  results.  A 
good  directivity  is  also  obtained  that  the  gain  ranges  from  1.9dB  to  7.2dB. 

Keywords:  Ultra  wideband  antenna,  LPDA,  miniaturization,  meander. 


1.  Introduction 

Modem  communication  system  needs  broadband, 
miniaturized  and  universal  equipments.  Thus  to  adapt 
the  development  trends  of  radioactive  equipments,  it 
has  more  significant  reality  sense  to  research  on  mi¬ 
niaturized  broadband  antenna. 

At  present,  broadband  antenna  mainly  includes  ridged 
hom  antenna,  LPDA,  TEM  hom  antenna,  helical  antenna 
and  biconical  antenna  and  so  on.  LPDA  is  a  common  and 
important  broadband  antenna,  due  to  its  non-frequency- 
dependent  characteristic.  However,  in  the  conventional 
design,  the  physical  size  is  restricted  to  the  longest  oscilla¬ 
tor  dipole  with  the  lowest  resonant  frequency,  which  is 
quite  large  and  constrains  its  application. 

To  realize  the  antenna  miniaturization,  many  me¬ 
thods,  including  loading  technology,  fractal  technology, 
meandering  line  technology  etc.  have  been  taken  to 
reduce  the  size  of  antenna  without  reducing  the  anten¬ 
na’s  performance.  Loading  technology  needs  to  insert 
some  components  or  networks  in  right  place  to  change 
the  current  distribution  of  antenna  and  the  electricity 
characteristic  of  antenna,  which  increases  the  complexi¬ 
ty  and  cost,  and  reduces  the  antenna  efficiency  with 
extra  energy  loss.  Space-filling  propriety  and  self¬ 
similarity  make  fractal  antenna  have  many  advantages 
in  constmcting  small-size  antenna  and  broadband  an¬ 
tenna.  Meandering  antenna  also  can  have  similar  cha¬ 
racteristic  and  even  have  better  quality  in  some  case.  [1" 
2]  Moreover,  the  construction  of  fractal  antenna  has 
comparative  complexity.  The  antenna  with  meandering 
structure  is  relatively  simple  and  low  cost 


2.  Design  of  Dipole  Antenna 

At  first,  the  meandering  technology  used  in  dipole 
antenna  is  researched. 

A  dipole  antenna  is  designed,  whose  resonance  fre¬ 
quency  is  200MHz,  with  the  structure-oscillator 
length  /  =  320  mm,  section  radius  r=  5  mm,  distance 
between  two  oscillator  d  =  20  mm.  Based  on  the  CST 
simulation,  the  resonance  frequency  of  the  dipole  an¬ 
tenna  is  200  MHz  and  gain  is  2.061  dB. 

Meandering  technology  is  used  in  dipole  antenna 
for  miniature,  and  the  structure  is  shown  in  Fig.  1. 

The  influence  of  main-arm  length,  vertical-arm 
length  and  secondary-arm  length  to  antenna  characte¬ 
ristics  is  researched  separately. 

2. 1 .  The  Influence  of  Main-arm  and 
Vertical-Arm  Length  to  Antenna 
Characteristics 

Five  different  meandering  dipole  antennas  are  de¬ 
signed,  the  structure  parameters  of  which  are  shown  in 
Table  1,  and  the  oscillator  length  is  320mm  (oscillator 
length  =main-arm  +vertical-arm+  secondary- arm). 

Secondary- ar m 


ill _ 

-  l\Ai  n-arm 

Fig.  1.  Structure  of  meandering  dipole  antenna. 
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Based  on  the  CST  simulation,  the  electrical  length  of 
the  five  antennas  is  shown  in  Table  1.  Since  the  antenna 
oscillator  is  bent,  its  equivalent  length  is  shorter  than  half 
of  its  resonant  wavelength.  Therefore,  the  electrical 
length  of  meandering  dipole  antenna  is  shorter  than  that 
of  conventional  dipole  antenna  (oscillator  length 
1=  320mm,  resonant  frequency  /=200MHz).  Mean¬ 
while,  the  lower  the  ratio  of  main-arm  length  to  oscillator 
length,  the  shorter  the  electrical  length  is.  After  the  an¬ 
tenna  oscillator  is  bent,  the  current  direction  of  the  main- 
arm  is  just  opposite  to  that  of  the  secondary-arm,  and  the 
current  of  the  vertical-arm  has  no  help  for  the  gain  on  the 
radiation  direction,  which  leads  to  the  fact  that  the  gain 
of  the  antenna  is  lower  than  the  dipole  antenna.  The  si¬ 
mulation  results  are  shown  in  Table  1.  When  the  vertical- 
arm  length  is  the  same,  the  lower  the  ratio  of  main-arm 
length  to  oscillator  length,  the  lower  the  gain  is. 

Table  1.  Structure  and  characteristics  of  meander¬ 


ing  dipole  1-5. 


Antenna 

Main-arm 

length/whole 

oscillator 

length 

Secondary- 

arm 

length/whole 

oscillator 

length 

Electrical 

length 

Gain 

(dB) 

Meandering 
dipole  1 

0.60 

0.10 

0.27 

1.73 

Meandering 
dipole  2 

0.55 

0.15 

0.26 

1.64 

Meandering 
dipole  3 

0.50 

0.20 

0.24 

1.61 

Meandering 
dipole  4 

0.45 

0.25 

0.21 

1.45 

Meandering 
dipole  5 

0.40 

0.20 

0.19 

1.41 

2.2.  The  Influence  of  Vertical-Arm 

Length  to  Antenna  Characteristics 

Five  different  meandering  dipole  antennas  are  de¬ 
signed,  the  structure  parameters  of  which  are  shown  in 
Table  2,  and  the  oscillator  length  is  320mm. 

Based  on  the  CST  simulation,  the  electrical  length 
and  gain  of  the  five  antennas  are  shown  in  Table  2.  The 
vertical-arm  length  decides  the  coupling  between  main- 


arm  and  secondary-arm.  The  shorter  the  vertical-arm  is, 
the  higher  the  coupling  is.  When  the  ratio  of  main-arm 
length  to  oscillator  length  is  the  same,  the  lower  the  ratio 
of  vertical-arm  length  to  oscillator  length  is,  the  shorter 
the  meandering  LPDA’s  electrical  length  is.  But  there  is 
little  influence  to  the  gain  of  meandering  LPDA. 


Table  2.  Structure  and  characteristics  of  meander¬ 
ing  dipole  6-10. 


Antenna 

Main-arm 

length/whole 

oscillator 

length 

Vertical-arm 

length/whole 

oscillator 

length 

Electrical 

length 

Gain 

(dB) 

Meandering 
dipole  6 

0.60 

0.30 

0.273 

1.73 

Meandering 
dipole  7 

0.60 

0.25 

0.278 

1.77 

Meandering 
dipole  8 

0.60 

0.20 

0.284 

1.77 

Meandering 
dipole  9 

0.60 

0.15 

0.294 

1.78 

Meandering 
dipole  10 

0.60 

0.10 

0.306 

1.80 

3.  Design  and  Simulation  of 
Meandering  LPDA 

Trough  the  results  shown  above,  using  meandering 
technology  in  dipole  antenna  for  miniature  is  advisa¬ 
ble.  Since  LPDA  is  composed  by  different  dipole  an¬ 
tennas  with  different  resonant  frequencies, 
meandering  technology  could  be  used  in  LPDA  to 
achieve  a  miniaturized  antenna.  The  structure  of 
meandering  LPDA  is  shown  in  Fig.  2. 

This  model  is  designed  by  CST  software.  In  micro- 
wave  bandwidth,  the  current  is  mainly  at  the  surface  of 
conductor.  Oscillator  arm  and  feeder  in  the  model  can  be 
substituted  by  ideal  conductor.  Leading  and  reflection 
function  of  meandering  oscillator  unit  is  similar  with  that 
of  dipole.  So  according  to  the  parameter  calculation  equ¬ 
ation  of  LPDA,  considering  the  request  of  antenna  engi¬ 
neer-  frequency  range  is  200MHz  — 2GHz,  horizontal 
length  is  no  more  than  450mm  and  vertical  length  is  no 
more  than  1500mm,  it  can  be  achieved  that  scale  factor 
r  =  0.83  and  space  factor  a  =  0.14  ,  the  number  of 
dipole  elements  N  is  16  ,  horizontal  length  is  344  mm, 
vertical  length  is  1345  mm,  radius  of  feeding  line  is 
10  mm,  the  thickest  radius  of  oscillator  is  5mm  and  the 
thinnest  radius  of  that  is  1  mm. 

Based  on  the  CST  simulation,  the  voltage  standing 
wave  ratio(VSWR)  is  shown  in  Fig.  3.  Between 
200  MHz  and  2  GHz,  the  reflection  loss  is  less  than  - 
lOdB.  According  to  the  radiate  pattern  (Fig.  4) ,  with  the 
increase  of  frequency,  the  minor  lobe  of  the  antenna  ra¬ 
diate  pattern  increases.  But  the  main  lobe  width  of  an¬ 
tenna  radiation  is  not  influenced,  and  the  directivity  is 
good.  The  gain  of  meandering  LPDA  is  shown  in  Fig.  8. 
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0.0  0.5  1.0  1.5  2.0  2.5 

Frequency(GHz) 

Fig.  3.  VSWR  of  meandering  LPDA 


0.6GHz 


1.1GHz 

Fig.  4.  The  azimuth  pattern  of  the  LPDA 


Fig.  5.  The  gain  of  the  LPDA 


In  the  case  with  same  number  of  dipole  element, 
the  horizontal  length  of  meandering  LPDA  is  just 
46%  (344  mm)  of  the  conventional  LPDA.  Compared 
to  the  other  miniaturized  LPDA,  the  meandering 
LPDA  has  obvious  advantages  on  the  aspect  of  minia¬ 
turization.  (in  Table  3.) 

4.  Conclusion 

This  paper  takes  the  meandering  method  to  research 
the  miniaturization  of  LDPA,  and  design  meandering 
LDPA  with  frequency  between  200MHz  and  2GHz, 
in  which  the  reflection  loss  is  less  than  -KMB  ,  the 
directivity  is  good  and  the  technical  specification  is 
ideal.  But  the  gain  in  the  low  frequency  is  influenced 
and  reduced.  In  the  case  with  the  same  number  of 
dipole  elements,  the  horizontal  length  of  meandering 
LDPA  is  just  46%  of  the  conventional  LDPA.  Finite 
space  is  effectively  filled  and  the  design  of  the  minia¬ 
turization  of  LDPA  is  achieved. 
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Table  3.  Comparison  of  different  miniaturized  methods  for  LPDA 


Miniaturized  Antenna 

Lowest  frequency 

Largest  horizontal  size/^L 

Miniaturization  extent 

Fractal  LPDA[3] 

250MHz 

0.37 

73% 

Rectangular  LPDA  [4] 

400MHz 

0.31 

60% 

Meandering  LPDA 

200MHz 

0.23 

46% 
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Abstract 

The  power  and  directivity  characteristics  of  the  planar  regular  antenna  array  oper¬ 
ating  in  mode  of  the  receiving  the  UWB  signal  with  uniform  spectmm  in  frequency 
range  of  3:1.  Expressions  for  calculation  of  the  directivity  and  the  effective  area  of 
such  an  antenna  array  are  obtained.  Results  of  computations  of  the  5^5  array  perfor¬ 
mance  are  presented. 

Keywords:  UWB  signal;  antenna  array;  effective  area;  radiation  pattern;  directivity; 
radiation  efficiency;  beam  scanning. 


1.  Introduction 

For  the  last  decade,  UWB  signals  have  been  increas¬ 
ingly  applied  when  building  various  radio  systems. 
The  use  of  such  signals  in  radiolocation,  telecommu¬ 
nications  and  radio  astronomy  allows  to  noticeably 
enhance  the  resolution  of  radars  [1],  to  augment  sig¬ 
nificantly  an  information  rate  in  communication 
channels  [2,3],  to  obtain  more  information  about 
structures  and  properties  of  extra-terrestrial  radio 
sources  [4].  The  crucial  devices  of  such  systems  are 
antennas  which  should  radiate  and/or  receive  the 
UWB  signals  with  minimum  distortions.  Many  works 
devoted  to  the  development  and  investigations  of 
various  UWB  antennas  were  published  recently  [5-7]. 
At  the  same  time,  a  little  attention  is  paid  to  the  inves¬ 
tigations  of  arrays  working  with  UWB  signals  [7,8]. 
In  particular,  the  directivity  characteristics  of  phased 
arrays  receiving  such  signals  are  insufficiently  studied 
yet.  In  this  work,  we  try  somewhat  to  fill  in  this  gap. 

2.  Theory 

The  power  delivered  to  a  load  of  the  arbitrary  receiv¬ 
ing  antenna  can  be  determined  as 

oo 

PL(W)  =  f  S(f)-A(0,</>,f)-v(f)-Kp(f)df,(  1) 

0 

where  S(f)  is  the  spectral  power  density  of  the  plane 
wave  incident  from  the  direction  (0,</>)  at  the  fre¬ 
quency  /;  Ae  ( 0 ,  </>,  /)  is  the  antenna  effective  area  and 

rj(f)  is  the  antenna  efficiency;  K  (/)  is  the  transfer 

coefficient  of  a  feed  system  taking  into  account  the 
mismatch  loss. 


Indeed,  Eq.  (1)  determines  the  directional  antenna 
properties.  The  integrand  here  consists  of  four  multipli¬ 
ers,  of  which  each,  in  the  general  case,  is  frequency  de¬ 
pendent  and  to  some  extent  affects  the  integration  result. 
Obviously,  the  strongest  influence  is  of  the  factor 

Ae  ( 6 , @  /) ,  which  depends  on  sizes  and  a  structure  of  a 

radiating  system.  The  frequency  dependence  K  (f ) 

features  the  antenna  as  the  frequency  filter,  dividing  all 
the  frequency  continuum  into  two  parts  being  a  pass 
band  and  an  attenuation  band.  When  designing  an  an¬ 
tenna  system,  developers  usually  aim  to  make  it,  if  poss¬ 
ible,  uniform  at  the  pass  band  and  close  to  zero  at  the 
attenuation  band.  Therefore  we  consider  the  radiator 
efficiency  to  be  rj(f)  =  1 ,  and  the  frequency  depend¬ 
ence  of  the  transfer  coefficient  to  look  like  K  (/)  =  1  if 


fL<f<fH  and  K  (f )  =  0  otherwise.  Besides,  we 
assume  the  power  spectrum  of  the  incident  wave  to  be 
uniform  S(  f  )  =  SQ .  Taking  into  account  the  assump¬ 
tions,  expression  (1)  can  be  rewritten  as 


JH 

PL(0,cf>,Af)  =  S0J  A(9,cf>,f)df 


S0Ae(6,(j),Af)Af 


with  A f  =  f„-  fL 

-j  h 

Ae(6,4>,Af)  =  —  [A(0,  (2) 

AM 

4 

Let  us  apply  the  obtained  expression  for  the  analy¬ 
sis  of  power  parameters  and  directional  properties  of 
the  planar  regular  array  located  above  the  infinite  flat 
perfectly  conducting  screen  coinciding  with  the  plane 
z  =  0  at  Cartesian  coordinates.  In  order  not  to  deal 
with  a  fixed  type  of  the  array  element,  we  will  assume 
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the  array  to  be  consisted  of  identical  perfect  isotropic 
radiators  with  horizontal  polarization  of  waves  being 
received  by  them.  In  this  case,  the  far  field  of  the  n- th 
element  operating  in  a  transmit  mode  is  described  as 


£„(W./)  =  ^ exp 


-i 

c 


where  I  is  the  complex  current  amplitude  at  the  n- th 
element  input;  c  «  3  •  108  ms~l  is  the  light  speed  in 
free  space;  ZQ  is  the  characteristic  impedance  of  free 
space;  (R,6,(j))  are  coordinates  of  the  observation 
point  at  a  spherical  system  of  coordinates;  <3>ra(0,  </>,  /) 
is  the  radiation  pattern  of  the  n-th  element  at  the 
common  system  of  coordinates 


$B(0,&/)  =  —  L  sin 

c 


27 r/ 


z  cos  0 


xexp 


27 if 

j - (x  sin  0  cos  4>  +  yn  sin  9  sin  cj>) 

c 


a  square  grid  with  a  step  of  d  =  3.75  mata  height  of 
h  =  1.6  m  above  ground.  It  has  a  parallel  excitation 
system  that  contains  switched-line  phase  shifters.  The 
main  beam  of  the  array  factor  in  each  of  principal 
planes  can  be  oriented  in  the  nine  following  direc¬ 
tions:  6>0  =0°;  7°;  14°;  21.4°;  29°;  37.4°;  46.7°; 
58.1°  and  76.1° .  Fig.  1  shows  the  frequency  depen¬ 
dences  of  the  directivity  D(0Q ,  0O ,  /)  and  the  norma¬ 
lized  effective  area  of  the  array  A  (0Q ,  </>() ,  f)  j A{] 
(Aq  =  N  d2  is  the  array  square),  wish  is  calculated  by 
the  Eqs.  (3)  and  (4)  respectively. 

Fig.  2  shows  angle  dependences  of  the  normalized 
effective  area  of  the  array  at  the  3  fixed  frequencies  20 
MHz,  40  MHz  and  60  MHz  (dashed,  dotted  and  dash-dot 
lines  respectively),  obtained  by  the  Eq.  (4),  and  of  the 
array  receiving  UWB  signal  with  the  uniform  spectrum 
covering  the  frequency  band  from  20  MHz  to  60  MHz 
(solid  line),  obtained  by  the  Eq.  (2). 


The  far  field,  the  directivity  gain  and  the  antenna 
array  effective  area  are 


E(R,  0,  <j>,  f)  =  xrrexp 


_ 0_ 

2  R 


c 


4.  Conclusion 

As  a  result  of  in-band  averaging,  the  radiation  pattern 
of  antenna  array  receiving  the  UWB  signal  takes  a 
smoothed  shape  in  the  field  of  side  lobes,  with  their 


D(0,ct>,f)  =  ^\E(R,6,ct>J)  f  (3) 

^(r  e 

A(6,l>J)  =  Z-D(e,<t>,f)  (4) 

4tt/2 

where  —  I*  I  IL  is  radiated  power, 

2j  c\  Z _ J  Z _ J  m  n  Limn  A  7 

m= 1  n= 1 

and  IP  are  the  mutual  radiation  resistances  be- 

Lmn 

tween  array  elements. 

For  isotropic  elements  placed  above  the  perfect 
ground,  which  are  considered  here,  these  resistances 
can  be  obtained  by  equation 


10  20  30  40  50  60  f,  MHz 


Ry  = 

Lmn 


V 

2c 


l  l 


R 


-sm 


2t r/ 


R 


l  l 


R 


-sm 


?iLR' 


(5) 


where  R  and  R  are  direct  and  “mirror”  distances 

mn  mn 

between  the  m- th  and  n- th  elements 

R  =  J(x  ~x  )2+(y  ~V  f  +(z  ~z  )2 

mn  V  v  ti  m /  wn  m ' 

R'  =  Pc  -x  f  +  (y  ~y  f+Tz  ~z  )2  . 

mn  \  v  n  m '  u  m'  vn  m' 

3.  Numerical  Example 


10 


30 


40 


60  f,  MHz 


This  techniques  was  applied  for  the  analysis  of  the 
performance  of  a  subarray  of  the  new  large  Ukrainian 
radio  telescope  [3]  being  under  construction,  which  is 
intended  for  operation  at  the  frequency  range  of 
10... 70  MHz.  The  subarray  is  a  square  array  compris¬ 
ing  N  =  5x5  identical  elements  located  in  knots  of 


Fig.  1.  Directivity  gain  (a)  and  effective  area  (b)  of 
antenna  array  vs.  frequency  for  different 
beam  directions:  1  -0Q  =  0° ;  2 -0Q  =  14° ; 
3- 0Q  =  29° ;  4-#0  =  46.7° ;  5-#0=58.1° 
at  ct>0  =  0° 
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Fig.  2.  Radiation  patterns  in  terms  of  the  normalized  effective  area  of  the  5x5  antenna  array  receiving  UWB 
signal  with  the  uniform  spectrum  covering  the  frequency  band  from  20  MHz  to  60  MHz  for  six  differ¬ 
ent  main  beam  directions  0Q  =  0° ;  14° ;  29° ;  46.7° ;  58.1°  and  76.1°  at  </>0  =  0° 


levels  noticeably  decreased.  Therewith  its  peak  effec¬ 
tive  area  is  close  in  quantity  to  the  effective  area  of 
the  same  array  receiving  a  simple  harmonic  wave  at 
the  central  frequency  of  band. 
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Abstract 

Standard  complex  for  reproduction  and  transmission  of  unit  sizes  of  pulse  electric 
and  magnetic  intensities  with  pulse  leading-edge  time  no  more  than  20  ps  has  been 
presented.  Field-forming  system  “cone  over  plane”  excited  by  step  voltage  signal 
with  amplitude  20  V  has  been  used.  Pulse  electric  intensity  has  been  measured  with 
strip  transducer. 

Keywords:  UWB-SP,  strip  transducer,  primary  standard,  cone  field-forming  system. 


1.  Introduction 

Present  work  is  the  continuation  of  the  investigation 
cycles  connected  with  study  of  possibilities  of  genera¬ 
tion  and  measurement  of  standard  electromagnetic 
pulses  with  pulse  leading-edge  time  of  the  order  of 
tens  and  units  of  picoseconds. 

In  [  1 ,  2]  the  creation  principles  of  primary  standard 
of  ultrashort  electromagnetic  pulses  (UWB-SP)  have 
been  developed  and  the  selection  of  standard  field¬ 
forming  system  (FS)  in  the  form  of  circular  cone  over 
plane  has  been  proved.  In  [3]  preliminary  results  of 
development  of  cone  field-forming  system  (CFS)  by 
means  of  strip  transducer  have  been  presented.  When 
exiting  of  the  CFS  by  generator  with  pulse  leading  - 
edge  time  (on  level  0,1  -  0,9  from  maximum  value) 
23,6  ps,  pulse  leading-edge  time  at  the  transducer  out¬ 
put  was  25,1  ps.  On  the  basis  of  obtained  results  the 
possibility  of  EMP  production  in  FS  with  pulse  lead¬ 
ing-edge  time  20  ps  has  been  proved. 

2.  Work  Purpose 

Purpose  of  present  work  is  the  creation  of  the  standard 
complex  for  reproduction  and  transmission  of  unit 
sizes  of  pulse  electric  and  magnetic  intensities  with 
pulse  leading-edge  time  no  more  than  20  ps. 

3.  Development  and  Creation  of  the 
Standard  Complex 

The  standard  complex  for  reproduction  and  transmis¬ 
sion  of  unit  sizes  of  pulse  electric  and  magnetic  inten¬ 
sities  with  pulse  leading-edge  time  no  more  than  20  ps 
has  been  developed  and  created.  The  standard  com¬ 


plex  has  been  approved  as  the  secondary  standard,  it 
is  recorded  in  the  Register  of  the  secondary  Russian 
standards  and  it  is  numbered  as  VET148-2-2009. 

The  standard  complex  includes:  cone  field- forming 
system  (CFS),  set  of  edge  generators  of  voltage 
pulses,  set  of  couplers  for  measurement  of  voltage 
pulse  parameters  in  cone  field-forming  system,  mea¬ 
suring  system  of  pulse  electromagnetic  fields  with 
ultrashort  pulse  leading-edge  time  for  transmission  of 
unit  sizes,  digital  stroboscopic  signal  analyzer  Tektro¬ 
nix  CSA  8000B,  mobile  shielded  cab. 

The  block  diagram  of  the  standard  complex  is  pre¬ 
sented  in  Fig.  1.  Exterior  view  of  the  standard  com¬ 
plex  is  presented  in  Fig.  2. 

The  standard  complex  has  following  metrological 
performance:  leading-edge  time  of  reproduced  elec¬ 
tromagnetic  pulses  is  no  more  than  19  ps;  amplitude 
of  electric  intensity  pulses  is  no  less  than  30  V/m, 
amplitude  of  magnetic  intensity  pulses  is  no  less  than 
75  mA/m,  duration  of  field  pulses  is  no  less  1  ns,  ex¬ 
tended  reproduction  uncertainty  of  maximal  value  of 
field  pulse  intensity  is  no  more  than  6.5  %. 


SYSTEM  Transdicer  of 

“CONE  OVER  PLANE”  pulse  electric 


Fig.  1.  The  block  diagram  of  the  standard  complex. 
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Fig.  2.  Exterior  view  of  the  standard  complex. 


Oscillograms  of  reproduced  pulse  in  the  CFS  oper¬ 
ating  area  at  the  output  of  the  strip  transducer  IPPL-L 
and  exiting  generator  TMG1010  (at  the  CFS  input) 
are  presented  in  Fig.  3  and  Fig.  4. 

The  standard  complex  permits  metrological  assur¬ 
ance  of  existing  and  perspective  critical  engineering 
of  the  support  of  the  population  security  and  life  activ¬ 
ity  and  the  main  objects,  technologies  of  treatment, 
holding,  transmission  and  information  security,  base 
and  critical  military,  special  and  manufacturing  tech¬ 
nologies.  The  standard  complex  provides  traceability 
of  the  parameters  of  ultrashort  electromagnetic  pulses 
and  development  of  new  types  of  ultrawideband  pulse 
radio  engineering,  new  types  of  the  radio  communica¬ 
tion,  radiolocation  of  high  resolution,  search  and  de¬ 
tection  of  plastic  mines,  electromagnetic  compatibility 
in  the  area  of  pulse  electromagnetic  fields. 


4.  Conclusion 

Obtained  results  show  that  the  created  standard  com¬ 
plex  provides  for  reproduction  and  transmission  of 
unit  sizes  of  pulse  electric  and  magnetic  intensities 
with  pulse  leading-edge  time  no  more  than  20  ps 


Fig.  3.  Oscillogram  of  reproduced  pulse  in  the  CFS 
operating  area  at  the  output  of  the  strip 
transducer  IPPL-L  and  exiting  generator 
TMG1010  (at  the  CFS  input). 


Fig.  4.  Oscillogram  of  reproduced  pulse  in  the  CFS 
operating  area  at  the  output  of  the  strip 
transducer  IPPL-L  and  exiting  generator 
TMG1010  (at  the  CFS  input). 
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Abstract 

“Etalon-PEMF”  and  “Etalon-TN”  are  used  for  metrological  certification  of  gauges 
for  fast  processes,  pulse  electromagnetic  fields,  currents  and  voltages  in  particular. 
The  current  metrological  standard  GOST  8.207-2008  presupposes  quite  a  big  amount 
of  routine  calculations  for  the  gauge  certification,  which  makes  the  process  very  la¬ 
bor-intensive  and  increases  error  probability. 

The  specialized  software  “Metrological  statistics”,  developed  by  the  author, 
enables  to  solve  this  problem,  extracting  the  data  from  oscilloscope  images, 
processing  all  the  necessary  calculations  and  creating  certification  reports. 

Keywords:  Electromagnetic  fields,  gauges,  metrological  certification,  data 
processing,  specialized  software. 


1.  Introduction 

1.1.  “Etalon-PEMF” 

In  2005-2006  Research  and  Design  Institute  “Mol¬ 
niya”  constructed,  certificated  and  implemented  the 
Initial  Etalon  of  Ukraine  for  the  maximum  values  of 
pulse  electric  (V/m)  and  pulse  magnetic  (A/m)  fields 
(“Etalon-PEMF”).  The  main  purpose  of  “Etalon- 
PEMF”  is  metrological  certification  and  verification 
of  gauges  for  pulse  electric  and  magnetic  fields,  which 
are  used  at  the  proof  ground  of  R&D  Institute  “Mol¬ 
niya”  and  other  similar  organizations  of  CIS  [1]. 

1.2.  “Etalon  TN” 

In  addition  to  the  primary  function,  “Etalon-PEMF” 
can  also  be  applied  for  metrological  certification  of 
gauges  for  high  pulse  voltages  and  currents.  This  can 
be  achieved  by  using  pulse  voltages  and  currents  from 
the  striplines  of  “Etalon-PEMF”.  In  such  a  case  “Eta¬ 
lon-PEMF”  becomes  the  source  for  maximum  values 
of  high  pulse  voltages  (V)  and  high  pulse  currents  (A) 
and  is  titled  “Etalon-TN”. 

1.3.  The  Process  of  Certification 

As  the  structures  of  “Etalon-PEMF”  and  “Etalon-TN” 
have  lots  in  common,  the  procedure  of  the  certifica¬ 
tion  of  gauges  for  pulse  electric  and  magnetic  fields, 
voltages  and  currents  does  not  contain  any  significant 
differences.  It  is  divided  into  two  phases:  parameter 


measurement  by  the  certifying  gauge  and  processing 
the  data  measured. 

GOST  8.207-2008  [2]  demands  to  conduct  a  set  of 
tests  (at  least  1 0)  for  each  value  of  the  etalon  parame¬ 
ter  (electric  or  magnetic  field,  voltage  or  current). 
Normally,  3-5  values  of  the  etalon  parameter  are  used 
to  cover  the  whole  operating  range  of  the  gauge  dur¬ 
ing  the  certification.  Every  impulse  for  each  etalon 
value  is  measured  by  the  gauge  and  stored  by  a  re¬ 
corder,  which  is  an  oscilloscope  placed  within  a 
shielded  chamber.  Therefore,  we  get  30-50  images  of 
pulse  curves  at  the  end  of  the  first  phase. 

During  the  second  phase,  each  curve  has  to  be 
processed  in  order  to  get  amplitude-time  parameters 
(ATP)  of  the  impulse.  ATP  are  then  used  to  compute 
the  transition  factor.  Finally,  a  set  of  curves  enable  to 
estimate  the  measurement  error  rates. 

The  second  phase  of  gauge  certification,  obviously, 
involves  high  amount  of  routine  calculations,  there¬ 
fore  manual  processing  of  data  received  during  the 
first  phase  causes  some  serious  problems: 

•  the  error  of  visual  estimation  of  the  ATP; 

•  possible  mistakes  in  calculations; 

•  low  speed  of  processing  the  measured  data; 

•  high  labor  demands  for  processing  the  curves; 

•  high  labor  demands  for  preparing  the  gauge  certi¬ 
fication  reports. 

The  listed  problems  can  be  partially  or  fully  solved 
by  specialized  software  running  on  a  PC,  however 
there  were  no  such  computer  programs  until  recently. 
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Fig.  1.  The  main  window  of  the  “Metrological  statistics”  software 


2.  “Metrological  Statistics” 

2. 1 .  Main  Functions 

Developing  “Metrological  statistics”  computer  pro¬ 
gram  (Fig.  1),  the  author  focused  himself  on  solving 
the  problems  listed  above,  meanwhile  strictly  adher¬ 
ing  the  metrological  certification  methodic,  assigned 
in  the  current  standard  [2]. 

As  a  result  the  software  possesses  the  following 
functions: 

•  automatic  processing  of  a  set  of  pulse  curves  ac¬ 
cording  to  the  current  standard  GOST  8.207-2008 
[2]; 

•  graphic  pulse  ATP  estimation; 

•  automatic  division  values  and  pulse  polarity  detec¬ 
tion; 

•  pulse  curve  smoothing; 

•  transition  factor  calculation  for  the  certifying 
gauge,  based  on  the  results  of  analysis  for  meas¬ 
ured  data; 

•  measurement  error  and  uncertainty  calculation; 

•  certification  reports  generation  in  Microsoft  Word 
format; 

•  specialized  mode  for  self-testing. 

The  further  few  subchapters  are  devoted  to  the 
brief  description  of  the  distinctive  features  of  “Metro- 
logical  statistics”  software. 

2.1.1.  Source  data 

In  order  to  process  automatically  the  curves,  received 
during  the  first  phase  of  the  certification  procedure, 
they  should  be  saved  in  the  memory  of  oscilloscope. 
The  saved  data  then  should  be  transferred  from  the 
oscilloscope  memory  to  graphic  files  on  a  PC  hard 
drive.  Thereby,  the  program  uses  graphic  files  of 
BMP,  TIFF  or  PDF  formats  on  its  input. 

“Metrological  statistics”  processes  graphic  estima¬ 
tion  of  ATP  of  a  pulse,  therefore  the  correct  structure 
of  source  images  is  of  utmost  importance.  Currently, 


“Metrological  statistics”  is  optimized  to  be  used  with 
Tektronix  TDS-3052B  oscilloscope;  however  it  can 
be  readjusted  easily  to  any  other  one  by  editing  oscil¬ 
loscope  settings  of  the  program. 

2.1.2.  Basic  calculations 

After  the  source  pulse  curves  are  loaded  to  the  pro¬ 
gram  and  the  “Calculate”  button  is  pressed,  the  pro¬ 
gram  processes  the  computation  of  pulses  ATP, 
transition  factor  of  the  certifying  gauge  and  measure¬ 
ment  error  estimation  according  to  the  following  algo¬ 
rithm  [4]: 

1 .  Pulse  ATP  are  calculated: 

a.  Impulse  amplitude. 

b.  Impulse  front  duration.  The  program  leaves  the 
possibility  to  be  adjusted  for  various  standards: 

•  0  -  1  of  the  amplitude  value; 

•  0.1  -  0.9  of  the  amplitude  value; 

•  0.1  -  0.8  of  the  amplitude  value. 

c.  Impulse  duration  (at  the  level  0.5  of  the  ampli¬ 
tude  value). 

After  the  computation  of  pulse  ATP  is  finished,  they 
are  displayed  in  the  “Results”  section  of  the  program 
main  window. 

2.  Based  on  the  impulse  ATP  the  transition  factor  of 
the  certifying  gauge  is  computed.  The  transition 
factor  appears  to  be  the  main  characteristic  of  a 
gauge. 

3.  The  measurement  errors  are  estimated  as  follows: 


™  02 

l2 

S(KJ 

where  Ss  -  total  standard  deviation  of  the  measure¬ 
ment  result;  S (Knp )  -  standard  deviation  of  the  gauge 

transition  factor;  0z  -  the  limit  of  z'-th  non- 

exceptional  systematic  inaccuracy  (the  constant  cha¬ 
racteristics  for  the  “Etalon-PEMF”  and  “Etalon-TN” 
installations). 
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where  n  -  the  number  of  measurements  for  one  etalon 
value  (n  usually  equals  10),  Knp  -  gauge  transition 


factor,  calculated  based  on  the  z-th  pulse  curve;  K 
-  mean  value  of  the  gauge  transition  factor. 

The  limit  of  random  error,  non-exclusive  systematic 
error  and  the  limit  of  the  measurement  result  error  are 
calculated  in  addition  to  the  listed  parameters  [4]. 

2.2.  Additional  Functions 

The  program  possesses  a  set  of  additional  functions 
which  make  an  impact  on  the  further  automation  and 
simplification  of  user  routine  operations  while  work¬ 
ing  with  the  program  and  increase  the  precision  of  the 
received  results. 

2.2.1.  Pulse  curve  smoothing 

Real  pulse  electric  processes  involve  low-frequency 
harmonics,  which  define  the  form  of  the  impulse,  as 
well  as  high-frequency  ones,  which  lay  over  the  form 
as  noise.  The  last  ones  do  not  influence  significantly 
the  form  of  the  impulse;  however  they  can  cause  some 
error  during  the  graphic  analysis  of  the  impulse. 

The  program  possesses  the  function  which  abates 
the  error,  via  pulse  curve  smoothing  according  to  the 
current  standard  GOST  17512-82  [3] 

2.2.2.  Automatic  detection  for  the  division  values 

In  order  to  save  the  time  and  avoid  possible  mistakes 
in  user  input  “Metrological  statistics”  possesses  the 
function  of  automatic  detection  for  the  division  values 
and  pulse  polarity  from  the  curve  image. 

2. 2. 3.  Processing  a  set  of  curves 

According  to  the  current  standard  [2],  the  minimal  set 
of  measurements  for  each  etalon  value  should  contain 
at  least  10  curves,  therefore  the  program  enables 
processing  the  measured  data  in  packet  mode.  A  user 
just  needs  to  select  the  necessary  number  of  graphic 
files  in  the  dialog  window  and  press  “Calculate”  but¬ 
ton.  The  program  will  then  compute  ATP  and  mea¬ 
surement  errors  for  each  curve  and  estimate  the 
transition  factor  of  the  gauge. 

2.2.4.  Time-amplitude  parameters  visualization 
Any  of  the  calculated  ATP  can  be  graphically  dis¬ 
played  on  the  analyzed  curve.  In  order  to  setup  this 
and  many  other  parameters,  the  “Settings”  window 
(Fig.  2)  should  be  used. 

2.3 .  Report  Creation 

After  all  the  necessary  parameters  are  calculated  the 
“ready  to  issue”  certification  reports  [4]  can  be 
created.  These  reports  involve  final  as  well  as  inter¬ 
mediate  values  of  the  calculated  parameters.  The  re¬ 
ports  also  contain  the  complete  methodic  for 
computation  of  every  parameter  during  the  gauge  cer- 


Fig.  2.  Settings  window 

tification,  therefore  it  is  possible  to  monitor  the  cor¬ 
rectness  of  the  calculated  results. 

3.  Conclusion 

“Metrological  certification”  software  is  registered  in 
the  State  Department  of  Intellectual  Property  and  tes¬ 
tified  in  practice  with  “Etalon-PEMF”  and  “Etalon- 
TN”  during  1.5  years.  The  program  appeared  to  be  an 
effective  tool  for  gauge  metrological  certification  au¬ 
tomation.  These  days  the  program  is  being  applied  as 
an  integral  part  of  “Etalon-PEMF”  and  “Etalon-TN”. 
All  together  they  create  the  automated  pulse  electro¬ 
magnetic  processes  measurement  unity  supporting 
system  of  Ukraine. 
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Abstract 

The  article  describes  a  TEM-method  for  calibrating  high-voltage  pulse  dividers. 
The  method  is  based  on  Etalon-EMP  use.  It  presents  the  results  of  method  use  for  de¬ 
termining  transient  response  form  and  rise  time  of  five  types  of  high-dividers  of  vari¬ 
ous  designs.  The  article  shows  the  advantages  of  this  method  compared  with  the 
known  methods. 

Keywords:  High-voltage  pulse  dividers,  transient  response,  rise  time,  metrological 
certification. 


1.  Introduction 

World  practice  of  metrological  certification  (MC)  of 
impulse  voltages  measuring  devices,  usually  voltage 
dividers  of  different  type  (VD),  consists  in  compul¬ 
sory  experimental  determination  of  following  charac¬ 
teristics: 

-  form  and  time  parameters  of  transient  response 
(TR),  including  TR  rise  time  (.  T™  .); 

-  division  factor  Kd  on  impulse  voltage.  Herewith 
TR  of  VD  is  determined  by  special  generators  of  unit 
voltage  steps  (GUVS),  as  a  rule,  relatively  low  vol¬ 
tage.  GUVS  used  in  Ukraine  usually  have  output  vol¬ 
tage  up  to  400  V.  Specified  parameters  for  high  and 
very  high  voltage  dividers  are  currently  estimated  by 
indirect  methods.  For  example,  Kd  is  more  accurately 
determined  at  high  pulse  voltage  (HV)  using  standard 
test  sphere-gap  voltmeter  (SGV)  [1,2]. 

Both  stages  have  difficulties,  especially  at  MC  of 
VD  meant  for  voltage  pulses  measurement  with  am¬ 
plitude  of  more  than  500  kV.  The  difficulties  are: 

1)  This  kind  of  VD  typically  has  a  coefficient 
Kd>  10000,  so  that  a  digital  oscilloscope  could  be 
connected  to  VD  low-voltage  shoulder.  In  this  case 
VD  output  voltage  in  TR  determination  has  a  small 
value  (units  or  tens  of  millivolts);  this  does  not  allow 
us  determining  TR  parameters  with  the  required  accu¬ 
racy  (error  is  not  more  than  few  percents)  in  condi¬ 
tions  when  valid  signal  is  accompanied  with  various 
types  of  noise. 

2)  The  process  of  determining  Kd  with  SVG  is  con¬ 
nected  with  such  problems: 

-  SGV  for  voltages  over  500  kV  should  have  a  mini¬ 
mum  diameter  of  0.5  m.  These  types  of  SGV  as  a  rule 
are  cumbersome,  stationary  structures  weighing  over 
500  kg; 


-  procedure  for  MC  using  SGV  includes  definition  of 
50%  breakdown  voltage,  which  requires  long  period 
of  time  due  to  the  necessity  of  statistic  data  set; 

-  breakdown  voltage  of  SVG  is  sensitive  to  the  influ¬ 
ence  of  external  climatic  factors  (pressure,  humidity, 
ambient  temperature,  various  types  of  radiation) 

-  accuracy  in  measuring  HV  using  SVG  not  less  than 
3%,  and  the  total  accuracy  of  metrological  certifica¬ 
tion  results  of  VD  not  less  than  5%. 

In  addition,  SGV  is  applicable  only  for  specific 
types  of  standardized  pulses  of  microsecond  range 
[1,2].  It  is  not  suitable  for  pulses  with  different  para¬ 
meters,  such  as  the  nanosecond  range. 

Therefore,  to  enhance  the  capacity  of  MC  for  arbi¬ 
trary  pulse  shapes,  as  well  as  simplify  the  procedure 
of  MC  and  obtain  more  reliable  data  of  VD  parame¬ 
ters,  an  alternative  method  was  developed  [3]. 

The  method  has  no  fundamental  limitations  in  time 
and  amplitude  range  of  VD.  Now,  this  method  rea¬ 
lized  for  nanosecond  time  range  of  voltages  from 
1  kV  to  50  kV.  It  should  be  noted  that  for  such  para¬ 
meters  carrying  out  MC  using  SGV  is  impossible. 

2.  Description  of  the  TEM  Method 

For  carrying  out  the  metrological  certification  of  pulse 
high-voltage  dividers  (HVD)  a  method  based  on  the 
use  of  the  "Etalon-EMP”  [4]  is  developed  and  imple¬ 
mented.  Structurally,  "Etalon-  EMP”  consists  of  high 
voltage  (50  kV)  energy  storage,  high-speed  switch 
(response  time  2  ns),  field-forming  structure  (FS)  as  a 
TEM  cell  (with  impedance  of  50  Ohm),  the  matching 
load,  a  electric  field  converter  (the  time  of  transition 
characteristics  is  less  than  0.2  ns),  a  digital  storage 
oscilloscope  DPO4041  (cutoff  frequency  -  1  GHz),  a 
personal  computer  combined  with  an  oscilloscope  to  a 
network,  software  for  processing  measurement  results. 
The  voltage  between  the  electrodes  FS  has  a  form  of 
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bi-exponential  impulse  with  an  amplitude  of  1  to  50 
kV,  a  rise  time  of  8  ns  and  a  duration  of  half-decay 
time  127  ps. 

The  method  of  metrological  certification  of  HVD  is 
the  experimental  determination  of  the  form  and  rise 
time  of  the  transient  response  (TR),  the  division  factor 
HVD  and,  in  some  cases,  the  duration  of  TR  by  the 
simultaneous  recording  of  amplitude-time  electric 
field  parameters  and  amplitude-time  parameters  of  the 
signal  from  the  low-voltage  shoulder  of  calibrated 
HVD.  In  metrological  certification  of  Etalon-CH  an 
univocal  correspondence  with  the  electric  field  para¬ 
meters  in  FS  and  the  voltage  between  electrodes  of 
FS,  which  is  supplied  to  the  HVD  is  found.  HVD  di¬ 
vision  factor  is  determined  for  each  registered  pair  of 
signals.  Statistical  analysis  is  performed  for  a  sample 
of  not  less  than  10  observations.  The  value  of  the  ex¬ 
panded  uncertainty  of  the  divider  evaluation  result  is 
less  than  5%  [5],  with  the  potential  to  reduce  it  by 
constructive  improvement  of  the  energy  elements  of 
the  standard  and  the  use  of  recording  equipment  with 
higher  metrological  characteristics.  In  addition,  there 
is  an  opportunity  to  certification  HVD  without  refer¬ 
ence  to  the  standardized  form  of  voltage,  which  is 
regulated  by  IEC  60052:2002  [1].  These  features  pro¬ 
vide  significant  advantages  of  TEM  -  method  in  com¬ 
parison  with  traditional  methods. 

3.  Results  of  Calibration 

The  method  was  tested  in  the  study  of  5  species  of 
HVD,  namely:  OVD-6,  OVD- 10,  OVD-50  and  OVD- 
300  (ohmic  VD  at  6,  10,  50,  300  kV)  and  CVD-10 
(capacitive  VD  10  kV).  According  to  the  study  in  ad¬ 
dition  to  determining  the  parameters  of  TR  construc¬ 
tive  improvements  were  held  that  allowed  to  improve 
the  shape  TR  and  reduce  its  rise  time. 

Studies  of  VD  were  conducted  by  the  method  of 
repeated  observations  using  statistics  results  set  of  10 
pulses  at  each  studied  level. 

Experimental  data  were  analyzed  using  a  personal 
computer  program  developed  for  automated 
processing  “Metrology  statistic”  [6],  that  allows  to 
process  data  set  automatically.  Typical  oscillograms 
obtained  in  metrological  certification  of  VD  are 
shown  in  Fig.  1  -  Fig.  5. 

All  the  oscillograms  (Fig.  1  -  Fig.  5)  show  that 
curve  No.  1  refers  to  the  voltage  of  the  meter  SPEFV- 
EC  output,  and  curve  No.  2  -  to  the  voltage  of  certi¬ 
fied  voltage  divider  output. 

The  got  results  allow  to  define  all  meaningful  me¬ 
trology  descriptions  of  dividers  directly  from  oscillo¬ 
grams.  Therefore,  the  offered  method  can  be  named 
“direct”. 

A  method  has  not  limitations  on  peak  or  on  tem¬ 
poral  parameters.  For  example,  it  can  be  realized  on 
unique  high-voltage  Simulation  which  are  described 
in  compendium  [7]. 

The  received  oscillograms  allow  making  justified 
conclusion  on  the  rise  time  of  transient  response  of 


Fig.  1.  Oscillogram  of  voltage  OVD-6  with  the 
pressure  in  high-voltage  switch  2,5  atm., 
voltage  5  kV  and  oscilloscope  bandwidth  of 
100  MHz. 


Fig.  2.  Oscillograms  of  decay  part  of  voltage  pulse 
measured  with  OVD- 6. 


Fig.  3.  Oscillogram  of  voltage  SVD-10  with  the 
pressure  in  high-voltage  switch  0  atm.,  vol¬ 
tage  5  kV  and  oscilloscope  bandwidth  of 
100  MHz. 

the  divider  and  the  division  factor.  In  the  process  of 
study,  we  managed  to  identify  the  need  of  making 
changes  in  the  integrating  circuit  for  some  samples  of 
VD.  As  a  result,  fluctuations  in  the  front  part  have 
been  mitigated,  that  significantly  improved  metrologi¬ 
cal  characteristics  of  these  dividers. 
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Fig.  4.  Oscillogram  of  voltage  OVD-300  with  the 
pressure  in  high-voltage  switch  6,5  atm., 
voltage  20  kV  and  oscilloscope  bandwidth 
of  20  MHz. 


Fig.  5.  Oscillogram  voltage  OVD-300,  with  the 
pressure  in  high-voltage  switch,  0  atm.,  vol¬ 
tage  5  kV,  bandwidth  of  oscilloscope 
150  MHz  and  switching  of  integrating  cir¬ 
cuit  on  the  output  of  OVD-300. 


These  results  clearly  show  the  advantages  of  the 

proposed  TEM-method  and  the  effectiveness  of  estab¬ 
lished  Standard  “Etalon-CH”. 
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Conclusions 

The  results  of  studies  of  transient  response  form  of  5 
types  of  VD  showed  that  Etalon-CH,  created  by  the 
completion  of  Etalon-EMF,  allows  you  to  receive  full 
information  about  metrological  characteristics  of  vol¬ 
tage  dividers  of  nanosecond  range  in  the  voltage  range 
from  1  to  50  kV. 

Amplitude-temporal  parameters  of  the  Etalon-CH 
enable  to  determine  a  VD  division  factor  of  any  type 
with  a  division  factor  to  10000.  At  the  same  time,  we 
determine  the  form  of  transient  response.  Thus,  Eta¬ 
lon-CH  can  be  considered  as  volt  pulse  etalon. 

The  application  of  stabilizing  blocks  in  Etalon-CH 
and  automated  methods  of  processing  provides  mea¬ 
surement  accuracy  of  amplitude-time  parameters  of 
certified  VD  less  than  3%.  In  the  next  refinement  of 
Etalon-CH  it  possible  to  reduce  measurements  accu¬ 
racy  up  to  1%. 
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Abstract 

The  paper  presents  the  main  approaches  and  results  in  the  improvement  of  broad¬ 
band  and  ultrawideband  (UWB)  radio  absorbing  materials  used  for  UWB  systems. 

New  composite  materials  on  the  basis  of  polyurethane  foam  and  new  ultra- 
dispersed  carbonic  fillers  are  developed.  The  frequency  dispersion  of  dielectric  per¬ 
mittivity  of  the  received  materials  has  been  investigated.  The  effectiveness  of  gra¬ 
dient-resistance  absorbers  with  the  use  of  ultra-dispersed  graphite  fillers  of  new 
generation  has  been  confirmed. 

The  way  of  decrease  in  frequency  of  a  resonance  of  domain  walls  in  MHz  area  has 
been  found  to  expand  a  frequency  range  of  radio  absorbing  materials  down. 

Keywords:  Microwave  absorbers,  electromagnetic  compatibility,  conductive 
composite,  ferrites,  anechoic  chambers. 


1.  Introduction 

The  development  of  modern  ultrawideband  (UWB) 
radio  systems  requires  the  development  of  new  and 
modernization  of  existing  measuring  instruments,  as 
well  as  new  challenges  associated  with  the  problems 
of  electromagnetic  compatibility.  These  problems 
cannot  be  solved  without  application  of  UWB  radio 
shielding  and  radio  absorbing  materials  in  radio  engi¬ 
neering  systems,  the  equipment  and  test  benches. 

For  today  theoretical  principles  are  in  detail  devel¬ 
oped  and  practical  technologies  of  reception  of  mi¬ 
crowave  absorbers  for  various  regions  of  a  radio 
spectrum  are  mastered.  Recently  conducted  studies  of 
materials  based  on  nanostructured  composite  thin  film 
structures  (see,  e.g.,  [1]),  but  the  problem  of  creating 
ultra-wideband  PRM  for  frequencies  106...10n  MHz 
is  still  very  relevant.  Practice  shows  that  the  approach 
involving  the  use  of  resistive  materials  for  ultra- 
wideband  applications  [2],  will  be  very  useful  because 
of  its  adaptability,  flexibility  of  implementation  and 
cost  effectiveness.  Also,  the  development  of  radio 
frequency  absorbers  for  low-frequency  range-based 
approach  uses  of  high  magnetic  permeability,  has  not 
yet  been  exhausted,  and  requires  further  study. 


2.  Bulk-  Resistance  Materials 

One  of  the  tasks,  which  must  be  solved  with  the  con¬ 
struction  of  the  radio  absorbing  materials,  is  the  ac¬ 
count  of  the  dispersion  of  dielectric  permittivity  and 
magnetic  permeability. 

Let's  consider  one  of  the  widely  used  approaches  to 
obtaining  microwave  absorbers  based  on  materials 
with  Joule  losses,  or  the  so-called  bulk-resistive  mate¬ 
rials.  One  of  the  advantages  of  this  approach  is  the 
adaptability  to  obtain  electrically  conductive  compo¬ 
site  materials  and  the  possibility  of  building  structures 
on  the  basis  of  gradient  materials  with  different  con¬ 
centrations  of  the  conducting  phases. 

2. 1 .  Dispersion  of  Dielectric  Permittivity 

The  material  in  question  in  the  work  consists  of  po¬ 
lyurethane  foam  (PUF)  with  the  ultra-dispersed  car¬ 
bonic  filler,  introduced  into  the  system  in  an  amount 
providing  the  percolation  threshold.  To  give  the  prop¬ 
erties  of  non-flammable  material  is  processed  with  a 
special  compound  does  not  influence  the  radio- 
technical  characteristics.  Particles  of  carbon  material 
substantially  less  than  the  wavelength,  the  skin  layer, 
and  form  a  continuous  quasi-graphite  conductive 
mesh.  The  final  dc  conductivity  and  all  the  features  in 
the  microwave  range  depend  on  the  amount  of  carbon 
filler,  structure,  thickness  and  length  of  conducting 
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Fig.  1.  Structure  of  resistive  material  on  the  basis  of 
polyurethane. 

clusters.  Such  material  can  be  considered  uniform  on 
the  electrical  properties  (although  this  may  be  the  sub¬ 
ject  of  a  separate  study),  and  isotropic. 

Often  at  calculations  of  similar  not  magnetic  struc¬ 
tures  consider  that  the  material  is  completely  characte¬ 
rized  at  macro  scope  level  in  two  parameters: 
dielectric  constant  s'  =  Re  (e  )  and  the  specific  bulk 
electrical  conductivity  av,  independent  of  frequency 
in  the  studied  range  of  frequencies.  In  some  cases, 
these  assumptions  are  justified,  because  the  conduc¬ 
tivity  of  the  medium  in  the  radio  frequency  a(co)  dif¬ 
fers  slightly  from  that  of  the  a0  in  dc  regime,  while 


s’ 


Fig.  2.  Dependence  of  s',  s"  the  basis  of  material 
"Mokh"  from  the  frequency. 


the  imaginary  part  of  dielectric  constant  independent 
of  frequency  as  s"  ~  go"1  [3].  However,  in  some  cases 
the  condition  a(oo)  «  a0  is  not  observed  exactly.  At 
the  same  time,  during  the  construction  of  the  flat  mul¬ 
tilayer  constructions,  where  the  resonance  wave  ef¬ 
fects  are  completely  essential,  it  is  necessary  to  know 
the  precise  dispersion  law  of  the  generalized  dielectric 
constant:  e  (oo)  =  s'(oo)  -/e"(oo). 

Furthermore,  frequently  it  is  necessary  to  determine 
the  function  of  the  frequency  dependence  of  dielectric 
constant  for  the  correct  extrapolation  of  experimental 
data  into  the  extended  frequency  domain.  Thus,  for 
instance,  the  frequency  spectrum  of  many  UWB  devic¬ 
es,  in  particular,  geo-radars,  stretches  into  region 
107...1010  Hz.  Characterization  of  conductive  foam  is 
convenient  to  produce  contactless  method  in  the  mi¬ 
crowave  range.  With  the  measurements  of  such  mate¬ 
rials  in  the  sub-gigahertz  region  noncontact  method 
requires  the  large  sizes  of  irradiators  and  models,  and 
contact  method  is  characterized  by  the  poor  reproduci¬ 
bility  of  results  of  measurements  and  requires  special 
conditions  for  guaranteeing  the  electrical  contacts.  De¬ 
termine  the  magnitude  of  the  permittivity  at  low  fre¬ 
quencies  is  possible,  if  you  know  the  dispersion  in  the 
microwave  range. 

The  analysis  of  a  dispersion  of  dielectric  permea¬ 
bility  on  an  example  of  a  material  "the  Mokh",  made 
on  the  basis  of  electrically  conductive  polyurethane 
foam  ("Radiostrim"  Ltd.)  is  resulted  below. 

Measurements  were  performed  at  the  Institute  for 
Theoretical  and  Applied  Electrodynamics  RAS  (Rus¬ 
sia)  using  a  vector  measuring  circuits  Rohde  & 
Schwarz  ZVA40.  A  modified  antenna.  P6-23M  was 
used  as  the  irradiator. 

Figure  2  (solid  curves)  shows  the  experimental 
plots  s'  and  e",  obtained  from  the  measured  values  of 
the  complex  transmission  coefficient  for  a  flat  sheet  in 
an  free  space.  Samples  differ  from  each  other  the 
maintenance  of  the  spending  phase  adsorbed  on  po¬ 
lymer  and  forming  the  electrically  conducting  clus¬ 
ters.  Filling  increases  in  an  order  to  sample 
Ci  >  C2>  C3. 

The  structure  is  logical  to  describe  by  the  modified 
Maxwell- Wagner  polarization  model  of  the  inhomo¬ 
geneous  medium  [4]: 


e  =  s  +- - — +  - 


£,  -e„ 


®  l  +  (ycox) 


(1) 


where  sc  and  800  -  the  dielectric  constant  at  low  and 
high  frequency  limits,  respectively,  x  -  time  of  relaxa¬ 
tion,  and  a  dimensionless  exponent  (1  -  a)  characteriz¬ 
es  the  distribution  of  relaxation  times,  with  a  =  0  blur 
of  relaxation  is  absent.  After  decomposing  (1)  to  the 
real  and  imaginary  parts,  it  is  possible  to  find  the  para¬ 
meters  of  model.  Fig.  2  shows  the  curves  of  the  real 
e'and  imaginary  s"  parts  of  the  permittivity,  obtained 
both  experimentally  and  from  the  calculation  of  (dotted 
line)  by  formula  (1)  with  certain  parameters  x,  a,  av,  sc 
and  800.  The  parameters  are  given  in  Table  1 . 
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Table  1.  Parameters  of  dispersion. 


Specimen 

t,  ns 

av ,  Q'W1 

Ac 

800 

1 

0.47 

0.126 

1.73 

1.33 

2 

0.39 

0.084 

0.79 

1.29 

3 

0.36 

0.006 

0.33 

1.15 

At  a  «0.17  theoretically  constructed  curves  simulta¬ 
neously  well  coincide  with  experimental  values  s'  and  s". 

The  analysis  shows  that  for  the  investigated  sam¬ 
ples  last  member  in  expression  (3)  is  defining  charac¬ 
ter  of  frequency  dependence  while  the  contribution  of 
through  conductivity  gv  is  less. 

2.2.  Shaped  Microwave  Absorbers 

The  shaped  SHF  absorbers  are  multilayer  or  pyramid¬ 
al  structures  (Fig.  3). 

Figure  4  shows  the  frequency  dependence  of  resistive 
material  of  the  pyramidal  type,  developed  by  "Radios- 
trim"  Ltd.  on  the  basis  of  the  investigated  conductive 
polyurethane  foams.  Measurements  were  performed  in 
the  free  space  on  the  measuring  stand  of  the  Institute  of 
Theoretical  and  Applied  Electrodynamics  RAS  on  the 


Fig.  3.  View  of  microwave  absorber  “Mokh  P-70”. 


!°glsl  1 1,  dB  Reflecton:  sample  on  a  metal  plate, 


5  10  15  20  25 

Frequency,  GHz 

Fig.  4.  Reflectivity  of  microwave  absorbers  of 
"Mokh"  type  (the  samples  on  metal  plate). 


basis  of  a  vector  meter  Rohde  &  Schwarz  ZVA40.  Cha¬ 
racteristics  for  materials  of  "Mokh-P"  type  in  height  of 
70,  250  and  330  mm  are  shown. 

For  equipment  of  anechoic  chambers  the  micro- 
wave  absorbers  must  possess  the  lowered  combusti¬ 
bility.  Therefore  the  represented  materials  are 
processed  by  the  specially  developed  solution,  which 
ensures  non-flammability,  with  the  retention  of  radio- 
technical  characteristics. 


3.  Scattering  Materials 

Materials  based  on  quasi  random  dipole  structures 
have  a  radio  absorbing  and  partially  radio  scattering 
properties.  The  distinctive  special  feature  of  such  ma¬ 
terials  is  the  relatively  isotropic  nature  of  reflection 
coefficient,  insignificant  weight,  possibility  of  the 
shelter  of  the  objects  of  any  form,  increase  the  effi¬ 
ciency  and  wide  bandwidth  with  the  use  of  multilayer 
gradient  construction. 

Figure  5  shows  typical  frequency  response  in  the 
band  2-26  GHz  of  microwave  absorber  of  carpet  type 
"Temovnik":  MO  (basic  version),  2MO  (upgraded  to 
work  in  the  high-frequency  region)  and  MO-20  (the 
most  functional  material).  In  RPE  "Radiostrim"  there 
is  developed  the  material  of  the  carpet  type  of  series 
"Temovnik-TG",  which  is  characterized  by  lowered 
combustibility  and  increased  strength. 


4.  Soft  Magnetic  Materials 


To  ensure  electromagnetic  compatibility  and  testing  a 
number  of  UWB  devices,  for  example,  a  georadar  with 
the  central  frequency  less  then  ^200  MHz  and  for 
equipment  of  proper  anechoic  chambers,  it  is  necessary 
to  use  radio  shielding  and  absorbing  materials  of  a 
range  of  frequencies  from  MHz  to  GHz.  Because  of  the 
geometric  limitations  absorbers  of  resistance  type  are 
here  unacceptable;  therefore  it  is  necessary  to  use  mate¬ 
rials  with  the  high  magnetic  losses.  We  obtained  the 
materials  on  the  basis  of  modified  nickel-zinc  ferrites, 
which  are  characterized  by  an  increase  in  the  losses 
with  the  resonance  of  domain  walls  in  the  MHz  region 
due  to  the  special  structure  of  the  ferrite  grains. 

The  magnetic  spectrum  of  materials  actually  is  the 
sum  of  contributions  of  a  spectrum  of  a  natural  ferro¬ 
magnetic  resonance  and  a  resonance  of  domain  bor¬ 
ders.  Moreover  the  nature  of  the  latter  depends  not 
only  on  the  magnetic  parameters  of  material  (field  of 
anisotropy,  saturation  magnetization),  but  also  of  pa¬ 
rameters  of  structure  (geometry  of  grains,  the  parame¬ 
ters  of  the  wall  of  domain)  [5].  The  spectrum  of 
magnetic  susceptibility,  defined  resonance  of  domain 
boundaries  can  be  described  by  the  expression: 


X  ~  Xo 


^  co2  .  co  ^ 
1 - T-J - 


V 


COa 


CO 


rel  J 


(2) 


where  the  resonance  frequency  of  domain  walls 

©0  =  {Qrnf  (3) 
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Reflection,  dB 


Frequency,  dB 


Fig.  5.  Reflectivity  of  microwave  absorbers  "Ter- 
novnik"  (the  samples  on  metal  plate). 


Fig.  6.  The  structure  of  the  material  (on  the  left  -  the 
original,  right  -  doped  by  Bi203) 


£  -  coefficient  of  "magnetic”  elasticity,  depending  on 
initial  magnetization  and  the  sizes  of  the  domains  d , 
Xo  -  initial  static  susceptibility,  oo rei  -  frequency  of  a 
relaxation  of  displacement  of  walls,  m  -  effective 
mass  of  the  domain  wall. 

Figure  6  shows  the  structure  of  the  material  ob¬ 
tained  by  different  technological  processes  -  with  ad¬ 
dition  of  bismuth  compounds  and  without  them. 

The  spectrum  of  magnetic  permeability  is  resulted 
on  Fig.  7.  Appropriate  reflection  coefficients  of  the 
ferrite  materials  "Rif’  with  thickness  8.8  mm  on  the 
metal  plate  are  shown  in  Fig.  8.  Measurements  were 
performed  in  a  coaxial  measuring  cell,  which  is  a  con¬ 
tinuation  of  coaxial  tract. 
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Fig.  7.  Complex  magnetic  permeability  of  the  mod¬ 
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Fig.  8.  Reflectivity  of  ferrite-based  material  "Rif’ 
(the  samples  on  metal  plate). 
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Abstract 

Features  and  results  of  experimental  parametrical  study  of  high-voltage  break¬ 
down  in  dense  dielectric  media  are  considered.  Influence  of  temporal  characteristics 
of  the  test  system  to  breakdown  parameters  of  dielectric  is  shown.  Design  and  per¬ 
formance  data  of  voltage  and  current  sensors  together  with  algorithm  for  experimen¬ 
tal  data  processing  are  discussed. 

Keywords:  Ultra-short  impulse,  voltage  and  current  sensors,  high-voltage  breakdown, 
ultra-wideband  forming  system. 


1.  Introduction 

The  electric  breakdown  in  a  dielectric  media  relates  with 
the  condition  that  the  carrier  of  charge  gains  its  energy  in 
the  electric  field  of  an  external  source  sufficient  for  ioni¬ 
zation  of  molecules.  As  a  result,  a  number  of  carriers  and 
electric  current  in  dielectric  avalanchely  increase. 

To  the  present  time,  numerous  researches  of  high- 
voltage  (HV)  breakdown  in  dielectrics  in  stationary  and 
slowly  changing  electric  fields  are  curried  out.  Neverthe¬ 
less,  the  temporary  parameters  of  breakdown  in  dielectric 
media  of  high  density  produced  by  HV  impulse  of  nano- 
and  subnanosecond  duration  are  studied  insufficiently 
[1,2].  Providing  the  researches  in  the  voltage  range  of 
hundreds  kV  allow  to  obtain  fundamental  results  neces¬ 
sary  in  many  areas  of  science  and  engineering.  Investiga¬ 
tion  of  a  breakdown  in  extreme  electric  fields  of  nano- 
and  sub-nanosecond  duration  has  some  specific  features 
which  are  considered  below. 

2.  Realization  of  Investigation 

Formation  of  a  breakdown  implements  in  the  test  cham¬ 
ber  where  the  gap  between  electrodes  is  filled  with  ne¬ 
cessary  substance.  Schematics  of  investigation  facility  is 
shown  in  Fig.  1.  The  facility  contains  the  HV  impulse 
source,  pulse  forming  system,  preliminary  peaker,  test 
chamber,  and  load.  Variation  of  voltage  and  current  in 
the  interelectrode  gap  provides  the  data  of  the  studied 
process.  Since  the  breakdown  time  is  greatly  determined 
by  the  rise-time  of  the  voltage  impulse  over  the  gap,  the 
system  contains  a  preliminary  peaker  that  provides  im¬ 
pulses  with  the  rise-time  less  than  0.5  ns.  Small  time  of 
the  breakdown  process  (10"9-10"10  ns)  demands  ultra- 
wideband  (UWB)  quality  of  the  system.  In  our  case,  it  is 
implemented  as  a  HV  coaxial  waveguide  with  a  wave 


impedance  of  75  Ohm.  The  impulse  power  source  (Marx 
generator)  is  also  implemented  as  a  coaxial  system  [3]. 
General  view  of  the  facility  is  shown  in  Fig.  2. 

Technique  of  researches  requires  complex  solution 
of  a  series  of  interdependent  problems: 

•  choice  of  the  geometry  and  dimensions  of  the 
UWB  system, 

•  design  and  calibration  of  the  electrical  and  mag¬ 
netic  field  sensors,  technique  and  instrumentation 
for  measurement  the  sensors’  parameters, 

•  development  an  algorithm  for  processing  the  expe¬ 
rimental  data. 

3.  Processes  in  Discharge  Gap 

The  coaxial  HV  (U0=500  kV)  system  generally  is  non- 
uniform  because  of  a  necessity  to  use  switches.  Up  to  the 
moment  of  their  breakdown,  the  reflection  waves  are 
formed  in  the  system  obstructing  to  process  of  the  ob¬ 
tained  data.  It  is  expedient  to  consider  physical  processes 
arising  in  the  coaxial  system  at  a  breakdown  of  the  intere- 


Fig.  1.  Schematics  of  investigation. 


Fig.  2.  Facility  for  HV  investigation. 
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lectrode  gap  more  detaily.  Let’s  use  the  simplified  equiva¬ 
lent  circuit  of  our  installation  shown  in  Fig.  3.  The  impulse 
generator  coupled  to  a  series  of  losses  coaxial  lines 
L1...L4,  discharge  gap  Rg(t\  and  load  resistor  Rioad  is 
used  as  the  primary  voltage  source.  Presentation  of  the 
discharge  gap  as  a  resistor  with  varying  resistance  is  quite 
justified  since  the  discharge  has  dropping  characteristic. 
The  time  delay  in  every  coaxial  line  makes  3  ns.  A  1  kV 
voltage  impulse  source  has  internal  resistance  of  1  Ohm, 
and  the  pulse  rise-time  of  4  ns.  The  system  operation  is 
simulated  with  the  help  of  the  Micro-Cap  7  software. 

Fig.  4  demonstrates:  a)  the  gap  resistance  varying 
in  time,  b)  the  voltage  in  points  1  (continuous  line) 
and  2  (dotted  lines),  c),  the  voltage  impulse  over  the 
discharge  gap.  The  gap  resistance  decreases  from 
1  MOhm  down  1  Ohm  within  the  time  interval  8-9  ns. 

The  signal  from  the  generator  travels  through  the  line 
LI  and  in  the  area  of  the  sensor  arranged  in  point  1 .  Then 
the  signal  passes  through  the  line  L2  to  the  switch  and 
reflects  since  at  this  time  the  gap  resistance  Rg( t)  is  high 
(Fig.  4a).  The  time  delay  equals  the  double  transit  time  in 
the  line  L2.  The  voltage  amplitude  over  the  gap  arises. 
Then,  in  regard  with  Fig.4a,  the  breakdown  development 
in  the  discharge  gap  results  in  reduction  of  the  resistance 
Rg(t ),  and,  accordingly,  the  reflection  impulse  decreases. 
The  discharge  current  arises  in  the  discharge  gap.  The 
voltage  at  the  second  electrode  of  the  discharge  gap  in 
point  2  (Fig.  4b,  dotted  line)  increases,  while  the  voltage 
over  the  discharge  gap  drops  (Fig.  4c).  Obviously,  mea¬ 
surement  of  the  instantaneous  voltages  and  currents  in 
the  discharge  gap  helps  to  determine  the  time  variation 
of  the  resistance  Rg. 

Thus,  the  results  of  simulation  of  the  breakdown  of 
the  gap  display  the  presence  of  a  time-delay  for  the 
wave  traveling  between  the  discharge  gaps  and  sen¬ 
sors  allows  to  separate  in  time  the  amplitudes  of  direct 
and  reflected  waves,  and  receive  information  on  the 
breakdown  process.  The  delay  time  should  exceed  the 
rise-time  of  the  arriving  pulse. 

4.  Parameters  of  High-Voltage 
Impulses 

The  measurement  technique  for  measurement  the  HV 
impulses  of  sub-nanosecond  time  range  is  based  on  indi¬ 
rect  method  of  measurements  of  the  electrical  or  magnet- 


Fig.  3.  Equivalent  circuit  of  the  studied  system. 


Fig.  4.  Simulation  results. 


ic  components  of  electromagnetic  fields  (EMF)  in  the 
UWB  system.  In  this  regard,  we  have  studied  and  de¬ 
signed  a  series  of  UWB  voltage  and  currents  sensors  [4]. 

The  equivalent  circuits  of  sensors  and  their  design  are 
shown  in  Fig.  5a-d.  Structurally  the  sensors  are  executed 
on  the  basis  of  N-type  connectors  placed  on  the  external 
electrode  of  the  coaxial  system.  The  equivalent  circuit  of 
the  sensor  of  the  electrical  component  of  EMF  contains 
the  capacitors  Cl  and  C2,  resistance  Rl,  coaxial  cable 
LI,  and  input  resistance  of  the  oscilloscope  R2.  A  diffe¬ 
rential  equation  of  such  divider  looks  like: 


dU. 

_ m 

dt 


•  =  k 


dU 


dt 


U 

m 

T 


(1) 


where  k  = - =  1 4 - is  the  output  voltage 

Cl  Cl 

ratio,  and  T  is  the  time  constant  of  the  divider  equal  to 
T  =  [Cl  +  C2j  ■  (Rl  +  R2) . 

Depending  on  a  value  of  the  time  constant  T  there  are 
three  operation  modes  of  a  capacitive  voltage  divider: 

•  proportional  (integrating)  voltage  divider, 

•  voltage  divider  with  partial  integration, 


•  differentiating  divider. 

In  the  proportional  divider  T  »  /P,  where  tP  is  the 
pulse  duration.  In  this  case,  the  second  addendum  in  an 
equation  (1)  can  be  neglected,  and  the  voltage  output  is: 

u  =-u.  . 

out  7  in 


Thus,  the  voltage  output  of  the  divider  is  propor¬ 
tional  to  the  input  voltage. 

The  voltage  divider  with  partial  integration  can  be 
realized  when  the  time  constant  T  is  commensurable 
with  pulse  duration  tP.  In  this  case,  the  divider  behavior 
is  described  by  full  equation  (1)  without  any  simplifica¬ 
tions,  and  the  output  voltage  is  described  by  equation: 

[ldU.  dU  A 

JJ'  _  rj-1 _ m _ out 

out  k  dt  dt 


Let’s  restore  the  original  signal  with  the  help  of  (1): 


Fig.  5.  a)  equivalent  circuit  of  electric  field  sensor,  - 
b)  equivalent  circuit  of  magnetic  field  sen¬ 
sor,  c)  design  of  sensor,  d)  general  view  of 
sensors  and  facility. 
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The  differentiating  voltage  divider  is  implemented 
at  T  «  /p,  that  allows  to  neglect  the  first  addend  in 
equation  (1),  and  then: 

T  dU.  dU. 

JJ  _ _ m_  _  rj~i  _ m 

out  k  dt  ~  1  dt  9 
where  Tx  —  C1R2  . 

The  output  voltage  of  this  sensor  is  proportional  to 
the  derivative  of  the  input  voltage  and  the  time  con¬ 
stant  of  the  sensor  Tl.  The  voltage  incoming  to  the 
sensor  is  restored  by  integration: 


The  operational  modes  of  the  electrical  field  sensor 
and  procedure  of  signal  recovery  are  implemented  in  the 
magnetic  fields  sensor.  Their  feature  is  the  sensitiveness 
to  the  electric  current  direction  in  the  coaxial  system. 

Checking  of  the  impulse  characteristics  of  sensors 
is  implemented  on  a  special  bench.  Its  design 
represents  the  coaxial  line  matched  to  the  impulse 
source  with  the  rise-time  80  and  250  ps. 

Fig.  6  shows  a  dotted  line  of  the  restored  impulse  of 
the  differentiating  sensor.  The  original  signal  is  shown 
in  this  figure  by  a  continuous  line.  The  experimental 
results  demonstrate  that  the  differentiating  sensor  pro¬ 
vides  measurements  with  sub-ns  time  resolutions. 

The  calibration  scheme  of  the  sensors  installed  into 
the  experimental  facility  is  shown  in  Fig. 7.  The  cali¬ 
bration  implements  the  voltage  step-impulse  produced 
by  the  capacitor  discharge  to  the  load.  In  this  case,  the 
capacitor  is  made  of  the  central  conductor  of  the 
coaxial  line.  The  rise-time  of  the  pulse  is  determined 
by  a  value  of  the  resistor  R2 

5.  Algorithm  of  Calculations  of 
Discharge  Gap  Resistance  and 
Experimental  Results 

The  initial  data  for  calculation  of  non- stationary  resis¬ 
tance  are  the  signals  from  inductive  and  capacitive 
sensors  positioned  before  and  after  the  discharge  gap. 


Fig.  6.  Calibration  impulse. 


Fig.  7.  Schematics  of  experimental  circuit  for  sensor 
calibration. 


Preliminary  procedure  of  the  data  processing  includes 
the  data  recovery  with  the  use  of  the  results  of  mea¬ 
surements,  registration  of  the  delay  time  in  the  coaxial 
system  and  measurement  cables. 

Calculation  of  the  voltage  amplitudes  of  the  direct 
and  returned  waves  before  the  discharge  gap  to  be 
made  accordingly: 

K*  0.5((/  I  {',) 

Pout  =0-5  (U-U,y 


Where  U  and  UI  are  accordingly  the  voltages 
measured  by  the  capacitive  and  induction  sensors. 

The  given  operation  allows  to  eliminate  a  signal, 
reflected  from  the  discharge  gap  what  dilates  a  range 
of  the  pulse  rise-time  supplied  to  the  discharge  gap. 

Dependence  of  the  discharge  gap  resistance  on 
time  is: 


2  [U.-U) 

R  =Z-^ - V  =  2  Z 


U 


^-i 

u 


where  U\  and  U2  are  the  voltage  accordingly  before 
and  after  the  discharge  gap,  Z  is  the  wave  impedance 
of  the  coaxial  line. 

The  experimental  results  of  the  breakdown  process 
in  oil,  and  calculation  of  the  discharge  gap  resistance 
are  shown  in  Fig. 8.  The  experimental  technique 
shown  in  Fig.  8  provides  to  study  the  breakdown  in 
dielectric  media  developed  in  nano-  and  subnanose¬ 
cond  time  range. 


6.  Conclusion 

The  experimental  set-up  and  research  techniques  for 
study  the  parameters  of  HV  breakdown  in  nano-  and 
subnanosecond  time  range  are  considered.  The  break¬ 
down  processes  in  UWB  coaxial  chamber  are  analyzed. 
It  is  shown  that  measurement  of  the  voltage  over  the 
discharge  gap  can  be  executed  by  means  of  introduction 
of  the  additional  delay  time  between  points  of  measure¬ 
ments  and  electrodes  of  the  studied  discharge  gap.  The 
operational  modes  of  the  measurement  sensors  and  re¬ 
covery  methods  of  the  HV  impulse  amplitude  are  deter¬ 
mined.  The  experimental  data  of  the  breakdown 
development  and  processing  algorithm  for  experimental 
data  recovery  that  determines  the  breakdown  time-delay 
and  the  resistance  dynamics  of  the  discharge  gap  are 
shown.  The  ability  to  process  the  signals  in  wide  time 
range  is  the  peculiarity  of  the  algorithm. 


Fig.  8.  a)  Experimental  results  of  discharge  in  trans¬ 
former  oil,  b)  calculated  resistance  of  the 
discharge  gap. 
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Abstract 

Features  of  impulse  reflectometry  using  sub-nanoseconds  pulses  are  considered. 
Impacts  of  non-uniformities  in  the  system  to  the  measured  signal  parameters  are  ana¬ 
lyzed.  An  algorithm  for  observed  data  processing  that  takes  into  account  the  test  sig¬ 
nal  envelope  and  numerous  reflections  originating  in  non-uniform  system  is 
proposed. 

Keywords:  Sub-nanosecond,  impulse  reflectometry,  non-uniform  systems,  ultra- 
wideband  systems. 


1.  Introduction 

A  technology  of  measurement  the  parameters  of  sys¬ 
tems,  that  uses  a  response  to  the  initial  signal  bears 
the  name  reflectometry.  Variation  of  the  method  is 
impulse  reflectometry  (IRM)  [1],  which  uses  the  time 
delay  and  amplitude  of  the  initial  and  reflect  signals  to 
define  the  location  and  discontinuity  parameters  of  the 
system.  Now  reflectometry  is  applied  for  studying  the 
systems  with  high  temporal  resolution  [2],  in  particu¬ 
lar,  for  debugging  and  matching  of  impulse  antennas 
[3].  Functional  units  that  provide  the  IRM  supplement 
some  of  digital  oscilloscopes.  Very  important  to  note 
that  for  several  investigations,  it  is  required  large  am¬ 
plitudes  of  the  test  signal  (up  to  a  some  kV)  what  is 
not  possible  for  serial  instruments.  Therefore  these 
researches  are  connected  with  creation  of  new  algo¬ 
rithms  for  data  processing. 

2.  Main  Part 

Traditional  circuit  for  carrying  on  measurements  us¬ 
ing  a  method  of  IRM  is  shown  in  Fig.  1.  The  signal  of 
the  test  generator  is  injected  into  the  investigated  sys¬ 
tem,  and  spreads  through  it  with  the  phase  velocity 
determined  by  the  parameters  of  the  transmission  line. 
The  reflected  wave  originates  at  the  non-uniformities. 
The  reflectivity  factor  K  of  this  wave  depends  on  the 
amplitudes  of  incident  VIN  and  reflected  VR  waves,  and 
the  wave  impedances  of  the  line  Z0  and  non¬ 
uniformity  ZIN: 

K=(Vr-Vin)/Vr  (1) 

ZIN=  Z0(l+mi-K)  (2) 

The  measured  signal  presents  the  net  amplitude  of 
these  waves.  At  study  of  an  extended  homogeneous 


system,  there  are  no  special  requirements  to  parame¬ 
ters  of  the  test  signal,  therefore  the  obtained  data 
processing  has  not  practical  difficulties. 

Application  of  the  method  for  study  of  ultra- 
wideband  systems  requires  providing  measurements 
in  sub-nanosecond  time  range,  and  accordingly,  for¬ 
mation  of  the  test  signals  with  sub-nanosecond  rise¬ 
time.  To  the  present  time,  the  technical  possibilities 
allow  to  generate  the  test  signals  with  an  envelope 
close  to  a  step-function.  However  the  interfering 
fields  that  originate  in  the  investigating  system  due  to 
discontinuities  create  errors  in  the  processing  data. 

Let's  consider  an  impact  of  a  form  of  the  exploring 
impulse  at  research  of  non-homogeneous  tract  when 
the  processing  algorithms  of  IRM  for  exponential 
(Fig.  2a)  and  oscillatory  (Fig.  2b)  exploring  impulses 
are  known.  Fig.  2c  and  Fig.  2d  demonstrate  the  results 
of  calculation  in  regard  with  formulas  (1)  and  (2)  of 
the  wave  impedance  of  a  homogeneous  tract  with  the 
wave  impedance  of  50  Ohm  coupled  to  the  load  resis¬ 
tance  of  200  Ohm. 

Thus,  these  calculations  allow  to  receive  acceptable 
results,  when  the  test  signal  has  the  form  close  to  a 
step-function,  and  the  tested  system  has  only  one  non¬ 
uniformity.  At  the  same  time,  a  well- shaped  rise-time 
of  the  test  impulse  defines  the  accuracy  of  the  discon- 


Fig.  1.  Reflectometry  setup 
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Fig.  2.  Test  signals  with  different  rise-time  and  cal¬ 
culated  impedances. 

tinuity  location.  The  presence  of  oscillatory  process  at 
the  rise-time  of  the  test  signal  leads  to  considerable 
errors  (Fig.  2d). 

In  Fig. 3 a  the  dependence  of  the  reflected  signal  in  a 
coaxial  line  with  the  serial  resistance  of  50-20050- 
200-50  Ohms  is  shown.  The  rise-time  of  the  testing 
impulse  is  of  20  ps.  The  result  of  calculation  of  the 
wave  impedance  according  formulas  (1)  and  (2)  is 
shown  in  Fig. 3b.  It  can  be  seen  that  the  obtained  data 
allow  to  define  only  a  value  of  the  first  jump  of  a  re¬ 
sistance,  and  calculations  that  take  into  account  fur¬ 
ther  non-uniformities  have  very  large  divergency  with 
the  initial  data  even  for  very  small  rise-time.  The 
presence  of  oscillations  in  the  real  test  signal  aggra¬ 
vates  the  result  more,  and  does  not  allow  to  use  the 
obtained  data. 

Thus,  a  study  of  ultra- wideband  system  requires 
taking  into  account  the  forms  of  both  the  test  signal 
and  the  reflections  originating  at  non-uniformities.  In 
this  regard,  a  processing  algorithm  for  IRM  of  picose¬ 
conds  time-scale  has  been  designed. 

To  start  the  algorithm  it  is  required  to  provide  a 
time-delay  for  the  test  signal  at  the  input  of  the  stu¬ 
died  system.  Its  value  should  exceed  the  time  of  re¬ 
laxation  of  the  test  signal  in  the  system.  The  presence 
of  the  delay  helps  to  introduce  the  envelope  of  the  test 
signal  into  processing  procedure.  In  our  experiments, 
this  delay  is  provided  by  a  coaxial  cable  matched  to 
the  input  of  the  tested  system  and  is  of  5  ns.  The  data 
obtained  for  an  UWB  system  are  shown  in  Fig. 4.  A 
signal  registered  by  the  oscilloscope  can  be  divided 


Fig.  3.  a)  Reflected  signal 


200 

E 

sz 

0 


5  10  15 

f,  ns 


b) 

,  b)  restored  impedance 


into  three  temporal  zones  I-III.  In  zone  I  (up  to  5  ns), 
the  test  signal  travels  down  the  coaxial  cable  to  the 
oscilloscope.  An  envelope  of  the  test  signal  Ui  is  rec¬ 
orded  in  this  zone.  In  zone  II,  the  test  signal  enters  the 
input  of  the  studied  system,  and  the  amplitude  of  the 
plane  part  of  the  pulse  V0  is  registered  being  the  nor¬ 
malizing  amplitude  for  further  definition  of  the  wave 
impedance  of  the  tested  system.  In  zone  III  (for  our 
case,  it  exceeds  10  ns),  the  reflected  signal  Vt  enters 
the  oscilloscope  and  forms  the  data  array  for  calcula¬ 
tion  of  the  current  wave  impedance  Z,. 

The  processing  procedure  of  the  experimental  data 
is  the  following.  Let  the  input  data  contain  n  values  of 
the  signal  amplitude  Vt  where  j=\...n ,  measured  with 
the  time-step  At.  The  measured  transmission  line  is 
divided  on  n  sections  with  the  wave  impedance  Zj  and 
a  step  Al=v At/2,  where  v  -  is  the  wave  velocity  in  the 
system.  The  reflection  from  non-uniform  sections  of 
the  signal  traveling  in  forward  direction  is  defined  by 
the  reflection  factor  Aj=(ZpZj_  i )/ (Zj+Zj.i ) . 

During  the  processing  procedure  of  the  experimen¬ 
tal  data,  Table  1  is  formed,  where  dependence  of  the 
reflected  signal  amplitudes  on  time  and  distance  from 
the  beginning  of  the  line  is  described.  Every  z'-th  line 
of  the  table  corresponds  to  a  value  of  the  signal  at  the 
distance  l=iAl  from  the  line  input,  and  every  y-th  col¬ 
umn  corresponds  to  a  value  of  the  signal  at  t=jAt/2. 
Every  unit  of  the  table  £/* .  ( k  -  is  the  number  of  the 
step,  where  a  value  of  the  table  unit  is  evaluated)  cor¬ 
responds  to  two  variables:  (Ukj )in  -  is  the  direct  sig¬ 
nal  moving  from  the  beginning  of  the  line  to  its  end, 
and  ( U.  j)out  -  is  the  backward  signal  moving  from  the 

end  of  the  line  to  its  input. 

An  order  of  calculation  is  the  following.  At  zero 
step  (A^0),  the  upper  left  unit  of  the  table:  (Uk0 )in  =V0 
and  (Uk0  )out  =0  is  filled,  and  a  value  of  the  wave  im¬ 
pedance  of  the  coaxial  cable  Z0  (known  a  priori)  is 
written.  At  each  subsequent  A;-step  the  following  oper¬ 
ations  is  fulfilled: 

1 .  The  A;-th  reflection  factor  is  estimated  as  the  first 
approximation: 

Kk=(Vk-Vo)/V0 , 

where  Vk  -  is  the  signal  amplitude  at  the  system  input. 

2.  The  amplitudes  of  the  direct  and  backward  sig- 
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Fig.  4.  Reflectometry  of  signal  of  ultra- wideband 
forming  system. 
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nals  appropriate  for  k-th  step  are  estimated  (Table  1.): 


(ui)  >-2 

l  ^ ill  J  =  1 

K  h‘K>-  K,j  )„ + 0 + *. )  ■  L 


where  Ui/2  is  the  test  signal  amplitude  at  the  center  of 
the  time  interval  i.  Values  Ui/2  for  the  fractional  indexes 
are  evaluated  with  the  help  of  linear  interpolation. 

3.  The  divergency  between  the  measured  and  cal¬ 
culated  signals  is  defined: 


4.  The  k-th  reflection  factor  is  corrected: 

K^Kk+KfliE/Vo), 

where  1  is  selected  from  the  condition  of  calcula¬ 
tion  stability. 

Table  1.  Table  of  calculation. 


Vo 

Vtfl 

v2 

V3 

v4 

V5 

Ki 

k2 

k3 

1Z 

Zi 

u° 

Uk 

U34 

U4.1 

K 

uk 

Ui 

K 

K 

uki 

Z2 

0 

u. 

uk 

<4 

u. 

*4 

uk 

K 

K 

u4 

z3 

0 

0 

<4 

<4 

<4 

Ui 

u. 

ul 

z4 

0 

0 

0 

U4.4 

K 

K 

U7.4 

Ug4 

K.| 

k5 

z5 

0 

0 

0 

0 

K 

K 

z6 

0 

0 

0 

0 

0 

K 

K« 

Z  7 

0 

0 

0 

0 

0 

0 

The  IRM  signal  in  the  non-uniform  system  (50- 
200-50-200-50  Ohm)  is  shown  in  Fig.  5a.  The  results 
of  calculation  of  the  wave  impedance  according  (1) 
and  (2)  (dotted  lines),  and  also  according  the  proposed 
algorithm  (solid  line)  are  shown  in  Fig.  5b.  It  is  ob¬ 
vious  that  the  use  of  the  algorithm  helps  to  locate  the 
non-uniformities  in  the  tract,  and  reduce  the  errors  in 
estimation  of  their  values. 


Fig.  5.  a)  Reflectometry  signal,  b)  result  of  imped¬ 
ance  calculation. 


3.  Conclusion 

The  disadvantages  of  traditional  approach  to  data 
processing  by  means  of  impulse  reflectometry  are 
discussed.  The  algorithm  of  data  processing  that  per¬ 
mits  to  take  into  account  the  test  signal  envelope  and 
numerous  reflections  originating  in  the  systems  with 
several  non-uniformities  is  proposed. 


5.  Operations  from  2  to  4  are  repeated  till  one  of 
conditions  are  fulfilled:  \E\<s, ,  where  £  is  the  required 
accuracy,  and  a  number  of  the  fulfilled  operations 
does  not  exceed  a  specified  value. 

6.  The  k-th  wave  impedance  is  calculated: 

Zk=ZUl+Kk)/(l-Kk). 

Thus,  as  a  result  of  execution  of  the  algorithm  the 
array  Zk  (distribution  of  the  wave  impedance  along  the 
line  length)  is  obtained. 
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Abstract 

Rules  which  observance  is  necessary  at  performance  of  scale  modeling  narrow- 
band  and  ultra  wideband  electrodynamics  systems  are  shown. 

Keywords:  Scale  electrodynamics  modeling,  electrodynamics  similarity,  scale  model, 
scaling  factor. 


1.  Introduction 

Scale  electrodynamics  modeling  is  widely  applied  at 
designing  antennas  and  microwave  devices,  and  also 
at  experimental  researches  of  processes  of  reflection 
and  dispersion  of  electromagnetic  waves.  It  allows  to 
carry  out,  for  example,  on  models  in  laboratory  condi¬ 
tions  experimental  processing  of  bulky  antennae 
which  are  characteristic  for  rather  long-wave  ranges 
and  also,  to  research  on  models  with  the  convenient 
sizes  tiny  antennae  of  millimeter  and  submillimeter 
ranges.  Scale  modeling  is  irreplaceable  means  which 
allows  to  choose  variants  of  accommodation  of  nu¬ 
merous  antennae  on  various  objects  long  before  crea¬ 
tion  of  these  objects,  and  also  to  look  questions  of 
electromagnetic  compatibility. 

The  opportunity  of  electrodynamics  modeling  for 
the  first  time  has  been  shown  by  Abraham  M.  in  1919 
[1].  The  opportunity  of  electrodynamics  modeling  is 
based  on  linearity  of  Maxwell  equations  which  describe 
all  the  electrodynamics  phenomena  in  linear  matters. 
The  theoretical  substantiation  of  a  principle  of  electro¬ 
dynamics  similarity  is  shown,  for  example,  in  [2].  In 
books  [3,4]  conditions  of  scale  modeling  of  antennae 
and  reflectors  of  electromagnetic  waves  with  reference 
to  harmonious  processes  are  described.  In  the  general 
view  the  principle  of  electrodynamics  modeling  can  be 
formulated  as  follows:  scaling  of  space  is  equivalent  to 
scaling  of  time  and  on  the  contrary. 

2.  Parameters  of  Scaling 

In  Table  1  parameters  of  electrodynamics  modeling  for 
a  case  of  signals  sine  wave  are  shown.  It  is  necessary  to 
understand  a  signal  as  electric  currents,  voltage,  elec¬ 
tric-field  strength  and  magnetic-field  strength.  This 
table  with  sufficient  accuracy  for  practice  can  be  used 
and  in  case  of  nonsine  wave  signals  provided  that  the 
relative  width  of  a  spectrum  of  a  signal  is  less  0.1.  In 


this  and  the  subsequent  tables  the  index  ”0”  means 
"original",  and  the  index  "M"  means  «model». 


Table  1.  Modeling  parameters  for  narrow-band 
signal 


JV« 

Description  of 
parameter 

Origi¬ 

nal 

Model 

1 

Frequency 

fo 

fM=f0*m 

2 

Wavelength 

Xq 

Z]\4=Zq/ m 

3 

Linear  size 

lo 

lM=lo/m 

4 

Far-field  range  for 
directional  antenna 

R0 

RM=Ro/m 

5 

Dielectric  constant 

So 

o 

CO 

II 

d 

6 

Permeability 

Fo 

o 

II 

7 

Conductivity 

°o 

OM=°o*m 

8 

Active  resistance 

R0 

Rm=Ro 

9 

Reactive  resistance 

X0 

Xm=X0 

10 

Complex  impedance 

Z0 

N 

2 

II 

N 

o 

11 

Capacity 

C0 

Cm-1 Co/m 

12 

Inductance 

L0 

LM=L0/m 

13 

Radar  cross  section 

°0 

aM=o0/m2 

14 

Antenna  power  gain 

G0 

G\i=G0 

15 

Wave  number 

ko 

kM=k0*m 

16 

Phase  velocity  of  an 

electromagnetic-wave 

propagation 

Upo 

Ufm=Ufo 

17 

Characteristic  imped¬ 
ance  of  transmission 
line 

Po 

o 

CL 

II 

2 

CL 

18 

Antenna  effective 

area 

So 

Sm— So/m2 
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In  all  cases  the  factor  of  scaling  is  designated 
through  «m»  which  can  accept  any  positive  value. 

In  Table  2  features  of  electrodynamics  modeling 
for  a  case  of  ultra  wide  band  signals  are  shown.  Para¬ 
meters  are  shown  for  a  case  when  the  frequency  do¬ 
main  is  considered. 


Table  2.  Modeling  parameters  for  ultra  wideband 
signal  (frequency  domain). 


JNb 

Description  of  pa¬ 
rameter 

Original 

Model 

1 

Min  frequency  of 
radio  spectrum 

f 

J-minO 

frninM- fininO  *  ^ 

2 

Max  frequency  of 
radio  spectrum 

f 

EmaxO 

f 

xmaxM  UnaxO  111 

3 

Spectral  density 

So(f) 

SM(mf)=So(f) 

4 

Amplitude-frequency 

characteristic 

Ko(f) 

KM(mf)=Ko(f) 

5 

Phase-frequency  cha¬ 
racteristic 

<Po(f) 

cpM(mf)=<po(f) 

6 

Information  band 

A/ 

Afo 

AfM=Af0*m 

7 

Linear  size 

lo 

lM=lo/m 

8 

Far- field  boundary  for 
directional  antenna 

Ro 

RM=Ro/m 

In  Table  3  parameters  of  modeling  for  a  case  when 
the  time  domain  is  of  interest  are  shown. 
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Table  3.  Modeling  parameters  for  ultra  wide 
band  signal  (time  domain). 


JNb 

Description  of  pa¬ 
rameter 

Orig- 

inal 

Model 

1 

Time 

to 

tM=t0/m 

2 

Linear  size 

lo 

lM=lo/m 

3 

Diagram  of  electric 
signal  from  impulse 
generator 

U0(t) 

UM(t)=U0(t/m) 

4 

Diagram  of  emitted 
oscillation  in  far 
field  region 

Eo(t) 

EM(t)=E0(t/m) 

5 

Impulse  responses 

h0(t) 

hM(t)=h0(t/m) 

6 

Autocorrelation 
functions  of  ultra 
wide  band  signal 

Ro(t) 

RM(T)=Ro(i:/m) 
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Abstract 

A  selection  of  the  working  band  (sampling  duration)  of  the  sampler  for  optimal 
recording  of  noisy  videopulse  radar  signals  has  been  considered  in  the  present  work. 

Keywords:  Sampler,  videopulse  signal,  noise  level,  correlation  coefficient. 


1.  Introduction 

In  most  cases  the  data  processing,  such  as  averaging  and 
filtering,  is  not  sufficient  for  detecting  noisy  UWB  pulse 
radar  signals,  which  amplitude  is  comparable  with  noise 
level  and  less  in  the  prescribed  working  frequency  band 
of  the  receiver  [1].  That  is  why  it’s  necessary  to  find  a 
new  possibility  of  increasing  the  signal-noise  ratio,  and 
decreasing  the  noise  level  of  the  receiver. 

The  sampling  method  of  signal  recording  is  mainly 
used  in  UWB  videopulse  radar  [2].  Therefore  let's 
consider  the  problem  of  weak  signal  recording  namely 
by  stroboscopic  (sampling)  receivers. 

It  is  known  that  the  noise  level  of  the  sampler  de¬ 
pends  on  the  working  bandwidth  of  the  receiver.  The 
working  bandwidth  of  the  sampler  is  chosen  taking  into 
account  the  cutoff  frequency  of  the  received  signal 
spectrum,  as  well  as  requirements  of  the  measurement 
error  [3].  The  more  precise  measurement  should  be 
taken,  the  wider  working  bandwidth  should  be.  At  the 
same  time,  the  noise  level  at  the  receiver  input  increas¬ 
es  with  widening  the  working  bandwidth.  And  in  its 
turn  this  leads  to  desensitization.  And  moreover,  at  low 
signal-noise  ratios  the  accuracy  of  measurements  is 
significantly  worse,  despite  the  fact  that  the  signal  spec¬ 
trum  and  the  working  bandwidth  are  matched.  So,  the 
extension  of  the  working  bandwidth  on  receiving  of 
weak  signals  leads  to  the  degradation  of  the  measure¬ 
ment  accuracy  instead  of  the  desired  increase. 

The  present  work  is  aimed  to  define  a  selection  cri¬ 
terion  of  the  sampler  working  bandwidth,  accounting 
the  weak  signal  receiving  features. 

2.  Model  and  Analysis 

The  given  problem  is  solved  by  using  an  approximate 
(simplified)  sampler  model,  having  the  true  formula 
of  periodical  signal  conversion  [4] : 

£7(0)  =  f  2  u(t  +  nTR+Q  +  T0)dt,  (1) 
J-t/2 


where  £7(0)  is  the  average  signal  amplitude  at  time 
0  ,  t  is  the  sampling  duration,  TR  is  the  signal  time, 
T0  is  the  time  delay,  n  is  the  sampling  number. 

Let's  consider  the  recording  of  Gaussian  signals,  as 
well  as  the  first  and  the  second  derivatives  of  the 
Gaussian  pulse.  In  the  model  a  detected  signal  is  the 
sum  of  the  unnoisy  signal  and  the  noise  voltage- 
u(t )  =  ui(t)  +  un(t)  .  For  comparing  the  converted  sig¬ 
nal  £7(0)  and  the  detected  signal  ut(t)  it  was  as¬ 
sumed  that  0  =  t  and  there  was  used  the  correlation 

coefficient  function  Rjj,ui  _  CQV(^?^)  ^  where 

GUGui 

co v(£7,wz  )  was  the  covariance  of  signals  U(t )  and 
u{  ( t ) ,  gv  and  aui  was  the  standard  deviation  of 
£7 ( t )  and  ut  (£) ,  respectively. 

Judging  by  the  maximal  value  of  the  function 
R-u  ui.  ,  it  is  clearly  seen  the  degree  of  «similarity»  of 

the  ideal  no  u(t)  ise-free  signal  and  a  signal  converted 
by  the  sampler  with  a  sampling  duration  r .  There¬ 
fore,  the  correlation  coefficient  may  serve  for  estima¬ 
tion  of  converted  signal  distortion. 

Graphs  (Fig.  1)  of  dependences  of  signal  correlation 
on  the  sampling  duration  for  given  noise  levels  at  the 
sampler  input  have  been  plotted  by  calculation  results 
of  the  function  of  correlation  coefficient  for  three  sig¬ 
nal  types.  In  these  calculations  the  noise  level  a  was 
normalized  to  the  peak  signal  amplitude  -  i/max  ,  and 
the  sampling  duration  r  was  normalized  to  6  ,  which 
is  the  pulse  duration  at  the  level  0.5 umSLX  . 

As  is  obvious  from  these  graphs,  the  maximal  cor¬ 
relation  coefficient  is  for  each  noise  level.  This  is  due 
to  the  fact  that  in  a  wide  working  band  of  the  sampler, 
where  r  <  <  6 ,  the  noise  essentially  distorts  a  re¬ 
ceived  waveform.  And  in  a  more  narrow  band,  where 
r  >  6 ,  signals  are  essentially  distorted  because  high 
frequencies  of  the  signal  spectrum  are  behind  the 
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Fig.  1  Dependences  of  the  correlation  coefficient  of 
the  converted  signal  and  the  following  sig¬ 
nals:  a  -  Gaussian  signal,  b  -  signal  of 
Gaussian  derivative,  c  -  signal  of  the  second 
derivative  of  the  Gaussian  function  on  the 
sampling  duration  at  the  noise  level:  1  -  0;  2 
-0.2;  3 -0.5;  4 -0.7;  5-1. 


working  band  of  the  sampler.  Also  it  is  seen  from 
graphs  that  when  increasing  the  noise  level  the  signal 
correlation  decreases,  and  the  maximum  of  correlation 
curve  moves  towards  a  long  sampling  duration. 

It’s  obvious  that  at  a  given  noise  level  at  the  samp¬ 
ler  input  the  sampling  duration  will  fit  with  the  maxi¬ 
mum  of  correlation  curve. 


Based  on  this  criterion,  graphs  of  dependence  of 
optimal  sampling  duration  on  the  noise  level  for  three 
signal  types  have  been  plotted  for  selection  of  sam¬ 
pling  duration. 

It’s  well  seen  in  graphs  that  when  the  noise  level 
drops  to  zero,  the  optimal  sampling  duration  tends  to 
values,  corresponding  to  classical  interpretation. 

3.  Conversion  Error 

It  is  difficult  to  judge  the  degree  of  amplitude  distor¬ 
tions  of  a  converted  signal  by  static  quantities  (corre¬ 
lation  coefficients).  To  estimate  the  error  of  signal 
conversion  we  have  compared  amplitudes  of  the  orig¬ 
inal  recording  signal  and  a  converted  signal  at  max¬ 
imal  distinction  between  them.  As  it  has  turned  out, 
these  time  points  of  maximal  distinction  coincide  with 
signal  extremums.  Thereat,  it  has  been  proposed  to 
estimate  the  measurement  error  of  signal  amplitude  by 
relative  units  (relative  to  the  peak-maximum)  at  time 
points,  coincident  with  signal  extremums. 

Dependences  of  the  conversion  error  of  peak  signal 
on  sampling  duration  for  three  signal  types  are  shown 
in  Fig.  3. 


Fig.  2  Dependences  of  optimal  sampling  duration 
on  the  noise  level:  1  -  for  the  Gaussian  sig¬ 
nal,  2  -  for  the  Gaussian  derivative,  3  -  for 
the  second  derivative. 


Fig.  3  Conversion  errors  of:  1  -  the  Gaussian  signal, 
2  -  the  Gaussian  derivative,  3  -  the  second 
derivative. 
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These  diagrams  allow  determining  the  maximum 
distinction  of  the  converted  signal  when  selecting  an 
optimal  sampling  duration. 

Thus,  for  example,  at  signal  detection  which  wave¬ 
form  is  the  Gaussian  derivative,  and  the  noise  level  at 
sampler  input  is  a  =  0.7 ,  an  optimal  sampling  dura¬ 
tion  is  r  =  1  (defined  from  the  diagram  in  Fig.  2).  At 
this  sampling  duration  the  maximal  amplitude  of  a 
converted  signal  will  differ  by  20%  from  a  signal  at 
sampler  input.  A  signal  converted  by  the  sampler, 
which  sampling  duration  is  determined  by  the  condi¬ 
tion  [4],  is  shown  in  Fig.  4a.  And  a  signal  converted 
by  the  sampler  which  sampling  duration  equals  to  1 ,  is 
shown  in  Fig.  4b. 

It’s  clearly  seen  in  diagrams  that  the  increase  of 
sampling  duration  leads  to  a  sufficient  increase  of 
signal-noise  ratio.  At  that  the  converted  waveform  has 
changed  very  slightly. 

4.  Conclusion 

So,  dependences  of  correlation  coefficients  of  the 
converted  signal  on  sampling  duration  (for  three  sig¬ 
nal  types)  have  been  calculated  and  analyzed  by  using 
a  simple  sampler  model. 

It  has  been  suggested  to  use  the  maximal  correla¬ 
tion  coefficient  as  a  selection  criterion  of  sampling 
duration  of  the  sampler,  taking  into  account  the  noise 
level  at  input. 

Dependences  of  the  error  of  signal  conversion  on 
sampling  duration  have  been  calculated. 

The  examined  approach  permits  to  evaluate  a  de¬ 
gree  of  distortion  of  the  noisy  signal  being  detected 
with  an  optimal  for  the  given  noise  level  sampling 
duration,  as  well  as  to  determine  a  sampling  duration 
of  the  sampler  judging  by  a  permissible  error  of  signal 
conversion,  and  to  evaluate  the  noise  level,  at  which 
the  cross-correlation  of  original  and  converted  signals 
is  maximal. 
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Fig.4  Converted  signals  (a  -  at  sampling  duration 
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Abstract 

The  research  contains  a  well-grounded  necessity  to  use  remote  control  over  aver¬ 
age  temperatures  of  coke-oven  batteries  applying  the  radiowave  method  through  opt¬ 
ically  opaque  and  partially  transparent  screens  for  electromagnetic  waves. 

Keywords:  Radiometric  (RM)  and  infrared  (IR)  band  of  electromagnetic  waves, 
remote  control  of  temperatures,  coke-oven  battery. 


1.  Introduction 

The  modem  technologies  of  coke  production  provide 
for  regular  measurement  and  further  regulation  of 
temperatures  inside  a  coke-oven  battery  according  to 
the  specified  operative  conditions.  The  methods  of 
temperature  measurement  inside  a  coke-oven  battery 
may  be  classified  into  contact  and  remote  measure¬ 
ment  methods.  The  former  is  carried  out  with  the  help 
of  thermometers  and  -couples,  the  latter  -  with  the 
help  of  ardometers. 

Contact  measurement  methods  provide  for  the  dis¬ 
tribution  and  regular  replacement  of  these  thermome¬ 
ters  and  -couples  only  in  case  of  complete  furnace 
unloading  (which  is  not  always  possible). 

That  is  why  the  application  of  remote  measurement 
methods  becomes  topical.  Though  to  apply  these  me¬ 
thods  it  is  necessary  to  open  the  hatch  of  the  battery 
(which  is  possible  only  within  short  intervals  of  time 
in  case  of  furnace  charge  loading  or  coke  unloading). 

One  of  the  effective  means  to  measure  tempera¬ 
tures  of  a  certain  object  through  optically  opaque  and 
partially  transparent  screens  for  radio  waves  is  the 
employment  of  probing  in  infrared  and  radio  band  [1]. 

The  research  aims  to  determine  the  intensity  of 
thermal  radiation  (produced  by  the  coke-oven  battery 
within  the  period  of  its  functioning)  applying  the  radi¬ 
owave  method. 

To  determine  the  intensity  of  thermal  radiation  the 
wide-band  measuring  complex  (WBMC)  is  used.  The 
WBMC  consists  of: 


•  radiometric  (RM)  sensor  of  millimeter-long  wave¬ 
band  (MW); 

•  RM  sensor  of  infrared  (IR)  band; 

•  thermometer  (thermocouple). 

The  WBMC  on  a  movable  platform  is  shown  in 
Fig-1. 

The  RM  sensor  of  MW  consists  of  a  parabolic 
double-optical  Cassegrain  antenna  and  a  modulation 


Fig.  1.  The  Wide-Band  Measuring  Complex. 


RM  tuned-radio-frequency  receiver  of  eight- 
millimeter  waveband  (which  was  designed  by  the 
Public  Research  Institution  “Aisberg”,  Kyiv  [2]).  The 
fluctuating  sensitivity  of  this  RM  sensor  is 
6T  <  0, 02  K  for  the  period  of  integration  r  =  ls  . 
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The  pyrometrical  RM  sensor  of  IR  band 
((2  +  14 )  fik)  can  measure  thermodynamic  tempera¬ 
tures  within  the  range  of  (—20  4-  +200)  °C  with  the 
possible  measuring  uncertainty  of  ±1,5°C. 

2.  Methodology  of  Measurements 

The  measurement  of  radiobrightness  temperature  of 
radiation  produced  by  the  heated  furnace  charge 
(coke)  is  carried  out  in  several  stages. 

Stage  1.  Calibration  of  the  measuring  equipment. 
The  WBMC  equipment  is  set  on  the  top  of  the  coke- 
oven  battery  with  the  thermodynamic  temperatures 
which  are  constantly  checked  (Fig.  1)  with  the  help  of 
a  mercury  thermometer  within  the  temperature  range 

of  (0  — 150)  °C  with  the  possible  measuring  uncer¬ 
tainty  of  +1  °C .  The  obtained  data  of  the  mercury 

thermometer  is  fixed  according  to  the  data  of  both  the 
IR  and  RM  sensors. 

The  IR  sensor  is  used  for  temperature  measurement 
of  the  coating  surface  of  the  battery  in  three  bands: 
HF  wave  -  ( (2  —  5)  gk ),  long  wavelength  - 

((7  — 14)  gk)  as  well  as  integrated  band  which  in¬ 
cludes  the  first  two  bands.  The  data  of  the  thermody¬ 
namic  temperatures  of  the  coating  surface  is  checked 
by  the  digital  measuring  equipment  with  the  measur¬ 
ing  range  of  (—  20  +  +  200)  °C) . 

The  data  of  a  sagittary  moving-coil  microammeter 
M4205  (with  the  measuring  range  of 
(— 100  ±  + 100)  g A  and  scale  factor  of  2,5)  and  a  digi¬ 
tal  voltmeter  (with  the  measuring  range  of  ±20  Watt) 
(both  the  microammeter  and  the  voltmeter  are  located 
at  the  outlet  of  the  low-frequency  part  of  the  RM  sen¬ 
sor)  serves  as  the  data  of  the  RM  sensor  of  MW. 

The  calibration  of  the  WBMC  equipment  takes 
place  only  after  the  equipment  has  been  heated  for 
half  an  hour,  before  and  after  every  stage  of  the  mea¬ 
suring  procedure  and  if  there  is  such  a  necessity  dur¬ 
ing  any  stage  of  this  measuring  procedure. 

Stage  2.  Measurement  of  the  intensity  distribution 
of  radiobrightness  radiation  and  temperature  on  the 
top  of  the  coke-oven  battery  across  the  motion  of  the 
charging  crane  i.e.  along  the  heating  channel. 

The  WBMC  on  a  movable  platform  is  transferred 
towards  the  prime  vertical.  The  receiving  antenna  of 
the  RM  sensor  is  located  in  such  a  way  that  its  center 
coincides  with  the  center  of  the  heating  channel 
(Fig.  2)  among  the  peepholes.  That  is  how  the  level  of 
radiothermal  radiation  is  measured.  After  the  mea¬ 
surement  of  RM-temperature  the  IR  sensor  is  set  there 


(instead  of  the  RM  sensor)  and  the  thermodynamic 
temperature  is  being  measured. 

Simultaneously  with  the  above  mentioned  mea¬ 
surements  the  temperature  inside  the  channels  is 
checked  with  the  help  of  an  ardometer  (without  pee¬ 
pholes). 

Stage  3.  Measurement  of  intensity  distribution  of 
radiobrightness  radiation  and  temperature  on  the  top 
of  the  coke-oven  battery  along  the  motion  of  the 
charging  crane  (Fig.  2)  i.e.  across  the  heating  channels 
and  coke  cameras. 

The  WBMC  on  a  movable  platform  is  located  be¬ 
tween  the  channels.  The  radiobrightness  temperature 
is  measured  through  the  RM  as  well  as  IR  sensors; 
these  sensors  are  also  used  to  measure  the  temperature 
above  the  coke  camera.  At  the  same  time  the  tempera¬ 
ture  inside  the  channels  is  checked  with  the  help  of 
the  ardometer. 

Stage  4.  Measurement  of  temporary  changes  of  ra¬ 
diobrightness  and  thermodynamic  temperatures  at 
certain  places  on  the  surface  of  the  coke-oven  battery. 

The  WBMC  on  a  movable  platform  is  located  in  a 
certain  place  so  that  the  RM  antenna  is  above  the 
channel  between  the  peepholes.  The  radiobrightness 
temperature  is  measured  for  equal  periods  of  time. 

3.  Measuring  Results 

Fig.  3  shows  results  of  the  measurement  of  radio¬ 
brightness  and  IR  temperatures  along  the  heating 
channel. 


Fig.  2.  Temperature  measurement  across  and  along 
the  heating  channel. 


Fig.  3  shows  results  of  the  measurement  through 
the  ardometer.  At  the  bottom  of  the  graph  the  loca¬ 
tion  of  the  typical  surface  heterogeneities  (1)  rails,  2) 
charging  hatches  and  3)  metal  strainers)  is  stated. 
The  temperature  at  the  places  where  the  rails  and 
strainers  are  located  was  not  measured.  The  nature  of 
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the  interdependence  of  the  temperature  measured 
with  the  help  of  RM  and  IR  sensors  coincides.  It  is 
important  to  state  that  near  the  charging  hatches  the 
temperature  measured  with  the  help  of  the  IR  sensor 
and  the  level  of  the  radiobrightness  radiation  in  the 
eight-millimeter  band  increase. 

The  minimum  radiobrightness  and  IR  temperature 
are  those  measured  above  the  strainers.  The  tempera¬ 
ture  distribution  measured  with  the  help  of  the  ardo- 

meter  has  the  same  character  of  ±30°C  with  the 

temperature  decrease  of  60  °C  towards  the  edges  of 

the  heating  channel.  The  data  obtained  from  the  RM 
sensor  is  highly  dependent  on  the  surface  heterogenei¬ 
ties  and  has  greater  temperature  drop  in  the  center  of 

the  heating  channel  (up  to  60  °C ). 

4.  Conclusions 

1.  The  research  contains  a  well-grounded  necessity 
to  use  remote  control  over  average  temperatures  of 
coke-oven  batteries  applying  the  radiowave  me¬ 
thod  through  optically  opaque  and  partially  trans¬ 
parent  screens  for  electromagnetic  waves. 

2.  The  research  states  the  reasonability  of  radiome¬ 
tric  measurements  in  several  wavebands:  eight- 
millimeter  -  and  IR  band  (the  temperature  inte¬ 
grated  channel). 


3.  According  to  the  results  of  the  model  measure¬ 
ments  of  the  electromagnetic  wave  advancing  lev¬ 
el  in  the  IR  band  and  radiothermal  radiation  level 
in  MW  through  the  given  grogs,  we  may  draw  to  a 
conclusion  about  great  losses  (~  60  dB)  and  rela¬ 
tively  low  level  of  radiation  from  the  surface  fur¬ 
nace  charge  as  the  emittance  of  the  furnace  charge 
is  close  to  the  that  of  an  absolute  black  body. 

4.  The  comparison  of  the  experimental  results  ob¬ 
tained  with  the  help  of  the  WBMC  on  the  one 
hand  and  the  results  obtained  with  the  help  of  the 
ardometer  on  the  other  shows  that  the  WBMC  has 
sufficient  sensitivity  to  establish  connection  of  the 
data  obtained  from  the  device  with  the  thermal 
changes  inside  the  coke  cameras: 

•  temperature  distribution  along  the  surface  of 
the  coke-oven  battery  and 

•  changes  of  radiothermal  radiation  during  coke 
unloading,  furnace  charge  loading  and  canting 
of  heating  channels  may  be  defmied. 

5.  The  comparative  analysis  of  these  results  shows 
that  the  measurement  with  the  help  of  the  WBMC 
allows  to  determine  the  integrated  temperature  of 
the  whole  coke-oven  battery  (whose  radiation  is 
measured  through  the  WBMC). 

6.  The  WBMC  helps  to  increase  efficiency  and  self¬ 
descriptiveness  of  the  measurement.  It  allows  to 
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Serial  number  of  the  channel 


Fig.  3.  Results  of  the  measurement  along  the  heating  channel. 
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determine  the  temperature  of  the  furnace  charge 
(owning  to  the  measurement  above  the  coke  cam¬ 
era)  more  precisely. 
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